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Chapter 1 
Introduction 
The outcome of chemical reactions is determined by numerous parameters and 
physical quantities. It has long been suggested that the orientation of the 
reactants before and during the reaction is one of those parameters. However, 
it was not until the advent of methods to control this orientation to some extent 
that a systematic inquiry into this problem became possible. Early experiments 
by Kramer and Bernstein [1] on Rb + partially oriented CH3I were followed by 
many other experiments. A series of those experiments was done by Janssen, 
Parker, and Stolte in 1989 on the reactions C a ^ D ) + CH3X —>• CaX {Β2Σ+, 
Л
2
П) + СНз with Χ = F, Cl, Br [2,3]. They used the hexapole technique to 
investigate the steric effect. The steric effect is defined as (σ/—σ
υ
)/σο, where a¡ 
is the reactive cross section for the reaction in the "favorable" reaction geometry 
(i.e., the CH3X molecule approaches the Ca atom with the X atom first). The 
quantity au is de cross section for the reaction in the "unfavorable" reaction 
geometry (i.e., the CH3X molecule approaches the Ca atom with the CH3 group 
first). Lastly, the quantity σο is the reactive cross section for reactions of Ca 
with unoriented CH3X. For the Ca + CH3F reaction Janssen et al. found an 
increasing steric effect with increasing translational energy, which could not 
be explained using standard models from the literature. For the Ca + CH3CI 
reaction a negative steric effect was found, which also could not be explained 
using the standard models. In this thesis new models are introduced to explain 
these experimental data. Furthermore, calculations are reported that quantify 
these models and test their validity. 
In the remaining sections of this introductory survey I will try to explain the 
experimental setup from a theoretician's point of view (See also Refs. [1,4-8]). 
For more details regarding the calculations I refer to the theory sections of 
Chapters 2-5. Chapters 2-5 are all articles that have been published in or are 
submitted to scientific journals. 
A decreasing (positive) steric effect with increasing energy, as found e.g., for 
the Ba + N2 О reaction can be explained using the standard Angle Dependent 
Line of Centers (ADLC) model. In Chapter 2 a classical model is presented 
to explain an increasing steric effect with increasing translational energy, as 
found e.g., for the Ca + CH 3F reaction. This so called "trapping model" uses 
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ал attractive long range potential. Furthermore, in Chapter 2 a new method 
is introduced to perform calculations on systems with oriented molecules using 
classical mechanics (the modified quasiclassical trajectory (MQCT) method). 
This is not entirely straightforward, since the molecule is prepared in a quantum 
state and the problem is to adequately sample this state in classical calculations. 
In Chapter 3 the MQCT method is used to perform calculations on the Ca 
+ CH 3 F reaction. Also standard quasiclassical trajectory (QCT) calculations 
are performed to assess the validity of the MQCT approach. A number of dif­
ferent potentials are used in trying to reproduce the experimental data. These 
potentials range from a simple attractive long range model potential to an ab 
initio long range potential, which contains all five asymptotically degenerate 
adiabatic potential energy surfaces. The construction of this potential is also 
reported in Chapter 3. 
In Chapter 4 the Ca + CH3F reaction is reinvestigated using a semiclassical 
method, in which the electronic state of the Ca atom and the rotational state 
of the CH3F molecule are treated quantum mechanically. The relative motion 
of the colliding particles is treated using classical mechanics. Also, the "cor­
relation model" [9] is introduced in Chapter 4. In this correlation model the 
projection of the electronic angular momentum of the Ca( 1D) state on the in­
termolecular axis becomes the projection of the electronic angular momentum 
on the CaF axis after the reaction. This model makes it possible to examine all 
exit channels separately. Hence, in this chapter the calculations for the A2U 





 and A'2A exit channels. Using the correlated model in combination with 
the semiclassical approach it becomes possible to reproduce the experimental 
data for the Ca + CH3F reaction. 
In Chapter 5 the semiclassical method and the correlation model are applied 
to the Ca^D) + CH3CI and Caí1!)) + CH3Br reactions. The results are 
compared to the experimental data and to the calculations for Caí1!)) + CH3F. 
It turns out that it is possible to explain the observed negative steric effect 
for Ca + CH3CI, which was not possible using standard models. Also, the 
experimental results for Ca + СНзВг are reproduced. It turns out that the 
differences between the different Ca + CH3X (X = F, Cl, Br) reactions are 
smaller than expected. 
I. THE SYMMETRIC TOP 
A rigid non-linear molecule has 3 principal moments of inertia, designated by 
I л, Ів, and Ic- К all three are equal, then one is dealing with a spherical top, 
such as CH4. If all three are different then one is dealing with an asymmetric 
The symmetric top 3 
top, such as C2H4 or H2O. For a symmetric top, such as CH 3 F or CHCI3, 
two of the three principal moments of inertia are equal. There are two types of 
symmetric tops, oblate (pancake shaped) (e.g., CHCI3) for which IA = Ів < le 
and prolate (rugbyball shaped) (e.g., CH3F) for which I A = Iв > le- The 
molecules, dealt with in this thesis are all prolate symmetric tops. 
In case of a linear molecule the classical rotational angular momentum vector 
j , is always perpendicular to the symmetry axis of the molecule. In case of 
the symmetric top this is no longer necessarily true. However, j still has a 
constant length | | j | | and direction. Furthermore, its projection on the molecular 
symmetry axis, k, is constant, where — | | j | | < к < \\j\\. Also the projection of 
j on a space fixed axis, m, is constant. However, except in case of an external 
electric field, this axis is arbitrary. The energy levels as a function of | | j | | and 
к of a symmetric top molecule, in atomic units, are given as 
E
mk = A\\j\f + (C-A)k2, (1) 
where A = 1/(21^) and С = l/(2Ic)- All rotational "states" with the same m 
have the same energy. 
In quantum mechanics the length of the rotational angular momentum J is 
y/J(J + l)h and the length of the projection on the symmetry axis Kh, where 
К = —J, —J + 1, . . . , J. This leads to the familiar expression for the quantum 
mechanical energy levels, in atomic units, of a symmetric top. 
EJK = AJ(J + 1) + (C - A)K2. (2) 
All states with Κ φ 0 are 2(2j + 1) fold degenerate. 
The eigenfunctions corresponding to these energy levels are Wigner D-
functions or symmetric top functions. These functions are given by 
Хшс(а.0,7) = 
2J + 1 
8π 2 ЛАГ* (α, A 7)*· (3) 
The angles (α, β, η) in this formula are the Euler angles of the symmetric top 
in the zj/z-parametrization and in the active convention for rotations. 
II. THE STARK EFFECT 
The Stark effect is the effect that molecules in an electric field exhibit an energy 
gain or loss, depending on their rotational state and their dipole moment. The 
basic characteristic of the Stark effect is that the interaction between the electric 
dipole moment μ and a homogeneous electric field e (partially) removes the 
(spatial) M-degeneracy of the energy levels. 
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The Stark effect is usually treated by perturbation theory, i.e., the total 
Hamiltonian, H, is separated as 
H = H^ + H^\ (4) 
where H^ is the (unperturbed) symmetric top Hamiltonian and Я ^ the 
perturbation operator. The operator H^ is defined as the scalar product 
between μ and e, i.e., 
Η™ = μ · e (5a) 
= ІИІ Ikll cos/?, (5b) 
where μ is the expectation value of the dipole operator over the internal coor­
dinates of the molecule. 
To calculate the first order Stark energy, W^\ when the molecule is a pure 
rotational state (JKM), one simply needs the expectation value of H^ over 
the eigenfunctions of H^, the symmetric top functions. 
W{1) = (XÌÌK\H{Ì)\XJMK) (6a) 
= І И І И І ^ Й J'DJMK{a,ß,7)cMßDi,K{a,ßnrdadcoaßdrr (6b) 
= ІИІ INI Cffi10CJ$10 (6c) 
= І И Ikll j^-y (6d) 
The second step can be proven easily by substituting Z>¿0(0,/3,0) for cos/3 and 
by using the analytical formulas for the integration of a product of 3 Wigner 
D-matrices [10]. The last step is proven by substituting the explicit form of the 
Clebsch-Gordan coefficients Cjj^10 and Cjjfl0 (see Ref. [10], p. 271). It is clear 
from the resultant expression Eq. (6d) that the M-degeneracy of the rotational 
energy levels is lifted. However, a (M, K) —> (—M, — K) degeneracy remains. 
From Eq. (6d) it is also clear that there is no first order Stark effect, if К or 
M equals zero. The higher order Stark effects are usually negligible compared 
to the first order Stark effect, except for high field strengths or when the first 
order Stark effect is zero (К = 0 state). 
III. THE HEXAPOLE FIELD 
There are two widely used approaches to control reagent orientation in chem­
ical dynamics. One technique is called the "brute force" technique (see e.g., 
Refs. [11-16]). In this method a molecule is placed in a strong homogeneous 
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cos β 
FIG. 1. Orientation distribution function for a symmetric top molecule in the 
(JKM = 111), (JKM = 212), and (JKM - 211) rotational states as a function 
of the angle β between the symmetry axis of the molecule and the direction of the 
electric field. 
electric field. The orientational states of the molecule in this field are localized 
and consist of a superposition of free rotor states Хмк(а,0,'у)· The effect of 
the localization is that the molecule obtains an orientation with respect to the 
electric field. These mixed rotational states are called "pendulum states". The 
other technique is the hexapole technique (see e.g., Refs. [1-3,17-27]). This 
method uses a hexapole field to select (focus) symmetric top (like) molecules 
with a certain rotational state. After that a weak homogeneous electric field 
is used to orient those molecules. A molecule in a pure rotational state has 
an (average) orientation with respect to the electric field. This is illustrated 
by Fig. 1, in which the orientation distribution functions of a symmetric top 
molecule in the (JKM = 111), (JKM = 212), and {JKM = 211) rotational 
states are plotted. The angle β in this figure is the angle between the elec­
tric field and the symmetry axis of the molecule. This thesis will focus on 
experiments performed using the hexapole technique. 
The experimental hexapole machine ("The Nijmegen orientation machine") 
is shown in Fig. 2 (courtesy of Μ. Η. M. Janssen). The most relevant sizes are 
given in the legend of the figure. Two other sizes are important as well, the 
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The hexapole field 7 
which is 3.5 mm. Hence, the distance from the center of the machine to the 
center of the electrodes is До = Ю.5 mm. In this section we will "derive" 
why a hexapole field is needed to select symmetric top molecules in a certain 
rotational state and what the demands are for a hexapole apparatus. 
In the experimental setup a molecular beam is made by expanding CH3X 
through a nozzle with a diameter of 110 /ші. This nozzle can be viewed as a 
point source in this process. During the expansion the CH3X beam cools and 
only the lowest rotor states will be occupied. Then the molecules pass through 
the hexapole field. They will have an interaction with the field depending on 
their rotational state [See Eq. (6d)]. This means that the trajectories which 
they follow through the hexapole are also dependent on the rotational state of 
the molecule and that molecules with the same rotational state will end up at 
the same point in the machine. 
The key to understanding the focusing experiment is that, in order to select 
symmetric top molecules with a certain rotational state using the first order 
Stark effect, a harmonic attraction of the molecule to the symmetry axis of the 
field is needed. Hence, the radial force FT on the molecule should be 
FT = -cr, (7) 
where с is the force constant for the oscillation and г the deviation from the 
symmetry axis of the electric field. Since FT must be proportional to r, the 
energy of the molecule in the electric field, the first order Stark energy, must 
be proportional to τ2 (F
r
 = — dW^/dr). It is assumed that the motion of the 
molecule through the field is adiabatic, i.e., that the projection M of J on the 
local direction of the electric field stays constant during the motion. Further it 
is assumed that the second order Stark effect is negligible. Hence, the strength 
of the electric field, | | e | | , must also be proportional to r2 [See Eq. (5)]. The 
electric field, e, is defined as the gradient of the electrostatic potential V. If it 
is also assumed that effects from the edges of the machine are negligible, then 
the potential inside the apparatus is independent of z, where the z-axis is the 
symmetry axis of the field, and the potential must satisfy the 2-dimensional 
Laplace equation. Hence, the potential must fulfill the following two conditions 
2
У = 0 (Laplace equation) (8a) 
| | e | | = | | W | | ос г2, (8b) 
where V = (д/дг,г-1д/дф) and V2 = (32/Ôr2 + r^d/dr + г~2д2/дф2). 
From complex function theory, it is known that every analytic function sat­
isfies the 2-dimensional Laplace equation [28]. If we define w to be a complex 
variable, i.e., w = χ + iy = гехріф, it can easily be verified that the function 
V\ = VQ lm(w/ro)3 fulfills both equations. This function is plotted in Fig. 3, 
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Re (w) (mm) 
FIG. 3. Panel (a) Contour plot of Vi as a function of Re(w) and Im(w), ro = 7 mm 
Panel (b) Contour plot of Vi as a function of Re(w) and Im(w), ro = 7 mm and 
До = 10 5 mm Panel (c) Contour plot of (V2-Vi)/Vi, contour lines are 0 05%, 0 5%, 
and 5% from the center outwards 
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panel (a) with ro = 7 mm. The contour Unes corresponding to a negative 
potential axe dotted and the outermost contour lines correspond to Vi = ±Vo-
Physically, Fig. 3, panel (a) corresponds to the field, produced by 6 hyperbolic-
like electrodes, whose voltages are alternately +Vo and — Vo· The outermost 
contour lines define the edge of the electrodes and ro defines the inner cavity 
of the machine. Note that our function V\ is essentially the same as the func-
tion for the ideal hexapole potential [1]. In their experiments Janssen et al. 
use cylindrical electrodes instead of hyperbolic ones. A "simple" analytic func-
tion that fulfills Eq. (8) and that approximates the field from these cylindrical 
electrodes, and has the same dependence on w around w = 0 as Vi is [29] 
-*G) Im arctan ( -^- ) I , (9) 
where ño is the distance from the center of the hexapole to the center of the 
electrodes and r0 the distance from the center of the hexapole to the edge of the 
electrodes. The function V2 is plotted in Fig. 3, panel (b) with r0 = 7 mm and 
Ro = 10.5 mm. Now, the innermost closed contour lines define the edge of the 
electrodes. From Fig. 3, panel (b) it can be seen that Eq. (9) corresponds to 
a field, generated by electrodes with an egg-shaped cross section. In panel (c) 
the relative difference between V\ and V2 with respect to V\ is plotted. The 
contour lines, seen from the center of the machine outwards, correspond to 
differences of 0.05%, 0.5%, and 5%, respectively. Again, contour lines with 
negative values are dotted. The closed contour lines are the electrodes from 
panel (b). Panel (c) clearly shows that the field from electrodes with an egg-
shaped cross section is a good approximation for the field from hyperbolic 
electrodes. The deviation within the cavity is never larger than 5%. From this 
observation it can be inferred that also cylindrical electrodes will be a good 
approximation for hyperbolical ones. Therefore, in spite of the fact that the 
experimental setup uses cylindrical electrodes, we will use the formula for V\ 
[see Eq. (10a)] for the remainder of this chapter. 
Summarizing, the following equations can be derived for the electrostatic 
potential, the electric field, the first order Stark energy, and the force on the 
molecule in the hexapole experiment. 
•<k) 3 sin Ъф (10a) 
IN = з ь-з (iob) 
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To obtain Eq. (10c) we used Eq. (6d). Note that Eq. (6d) can only be used 
because it is assumed that the molecule will follow the electric field adiabat-
ically, i.e., that the projection of J on the local direction of the electric field 
remains constant. Furthermore, the use of Eq. (6d) implies that it is assumed 
that locally the electric field is homogeneous, i.e., that it does not vary within 
the molecule. From Eq. (lOd) it follows that indeed FT can be written in the 
form of Eq. (7). The molecules follow sinusoidal trajectories inside the hexapole 
and straight line trajectories between the hexapole and the detector. Since the 
nozzle and the hexapole are not far apart, the first part of the trajectory will 
not differ much from a pure sinusoidal trajectory. Therefore, the assumption 
is made here that the trajectory can be viewed as sinusoidal in this region as 
well. Hence, the trajectory of the molecule is given by 
()_(Asm(uJt) 0<t<to m i 
X(l)
 - \ Au(t - i 0) cosMo) + A sinMo) t > t0 K ' 
z(i) =
 Vtt, ( l ib) 
where ίο is the time at which the molecule leaves the hexapole, i.e., ίο = ZQ/VZ 
with constant vz = | |ΌΟ| | COS77O, where zo is the length of the hexapole (including 
the distance between nozzle and hexapole) and the angle ηο is the angle between 
the initial velocity vo and the z-axis (= the symmetry axis of the hexapole). 
The angular frequency, ω, is equal to y/c/M, where M is the total mass of the 
CH3X molecule. Hence, ω can be written as [1,4] 
ω = 
6Υ0\\μ\\ΜΚ 
Mr*J(J + l)Ê 
(12) 
Since t a n щ can be written as v
x
/vz at t = 0, i.e., tanrço = Αω/υζ, the ampli­
tude A of the sinusoidal motion can be written as 
А=
\Ы^цо,
 ( 1 3 ) 
ω 
Given a symmetric top molecule with mass ΛΊ, rotational state (JKM), 
and velocity VQ, it is possible to calculate the voltage Vo, which focuses the 
molecules onto a detector with an infinitesimally small radius at a distance 
ƒ (ƒ > zo) from the nozzle. To calculate this voltage Vo the second part of 




ω [||«o||cos7jo + 5 =
 S
- . (14) 
IKHcosrço ||VO||COSÍ7O 
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In the experiment the angle ηο is limited by two factors. Firstly, ηο cannot be 
larger than arctan(r0/r„h) with r„/, the distance between the nozzle and the 
hexapole. It is assumed that the skimmer between the nozzle and the hexapole 
does not affect this angle. In this case ηο cannot be larger than arctan(7/160), 
which is approximately 2.5°. Secondly, Eq. (13) shows a direct connection 
between щ and the amplitude A. Hence, ηο must not lead to amplitudes larger 
than the inner cavity of the hexapole machine, го. The maximum value for ηο 
in this case is arcsin(row/||t»o||). In most cases this second restriction on ηο 
determines its range. This means that ηο is small and that cos 770 in Eq. (14) 
can be set to 1. In the experimental setup zo = 1.825 m and ƒ = 3.42 m. If 
| |uo| | is taken to be the mean velocity from the experiment, 1553 m/s, then 
ω is calculated to be 1.77 kHz. This corresponds to a focusing voltage Vo of 
3.25 kV for the (JKM = 111) rotational state of CH3F. Experimentally, a 
value of Vo = 3.2 kV is found (taken from Ref. [2], Fig 3), which is in excellent 
agreement with the calculated value. Note, incidentally, that we had to divide 
the experimental value by 2, because the electrodes have potentials +Vo and 
—Vo in our case, whereas Vo for Janssen et al. is the voltage between two 
neighboring electrodes. 
The number of molecules that hit the detector is a function of the voltage 
Vo and the angular frequency ω, which is determined by Vo and the quantities 
appearing in Eq. (12). In order to calculate this number, σ(ν0,ω), as a function 
of Vo for different ω, which is called the focusing curve, three other factors have 
to be taken into consideration. Firstly, there is the distribution of velocities 
in the molecular beam. According to Levine and Bernstein [6], the number of 
molecules in a molecular beam with velocities ||г>о||) n(Huo||)> is proportional 
to ||Î>O||2 exp[-S2(| |î>o||/iW _ 1)2]> where S is a measure for the width of the 
Boltzmann distribution and vcar is the velocity of the carrier gas. Secondly, 
the detector has a radius, r,¡et, of 1 mm. These two factors will result in 
peak broadening. Thirdly, not all states are equally populated. In fact, the 
population njKM of the rotational state (JKM) is given by 
njKM oc exp EJKM kBT 
(15) 
where кв is the Boltzmann constant and Τ the rotational temperature of the 
beam. The rotational energy EJKM, which is equal to EJK is given by Eq. (2). 
This factor has an effect on the heights of the peaks. 
Using the approximations that sinrço = Щ, tan7/o = ηο, and cosrço = 1, the 
maximum angle т;
т
 for a given Vo, ω, and ||vo||) which leads to a trajectory 
that hits the detector is given by 
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V0(V) 
FIG. 4. а( о,ш) as a function of Vo summed over different ω for J < 5 and 
MK > 0, cf. Eq. (12). Other relevant parameters: r0 — 7 mm, | |μ | | = 1.85840 D, 
M = 34.0219 amu. The labels are the largest contributors to the corresponding 









 cannot be larger Шал the maximum value for щ discussed before. 
Using Eq. (16) the number of molecules that hit the detector, σ{γ0,ώ), for a 
given voltage VQ and a certain angular frequency ω is proportional to 
f°° 
a{Vo,iü)<xnjKM 7 ΐ ( | |υ 0 | | )τ&ί%ο| | Jo (17) 
Calculating a(Vo,u>) for all J < 5 and all combinations M К > 0 for CH 3 F 
with S = 26, v
car
 = 1553 m/s, and Τ = 7 Kelvin yields the curves in Fig. 4. 
The values of v
ca
r and Τ were taken from Ref. [30]. The value of S was 
optimized to reproduce the relative widths of the peaks from the experiment 
(see Ref. [30], page 96). This curve reproduces the experimental curve quite 
well (see Ref. [2]). Only the baseline drift at higher voltages is not reproduced 
in our (crude) calculations. This drift might be due to the second order Stark 
effect, which becomes more important at higher voltages. In Fig. 4 only the 
first order Stark effect was included. 
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Up to this point I have shown that the hexapole field leads to rotationally 
state selected molecules, which can be focused onto a detector (or in a reac-
tion chamber). However, the hexapole field does not lead to oriented molecules. 
When the molecules exit the hexapole, their orientation in the laboratory frame 
is not completely determined, because they are oriented with respect to the lo-
cal direction of the electric field at the end of the hexapole. To get orientation 
a homogeneous electric field is needed. If the assumption is made that the tran-
sition from the hexapole to this so called "guiding field" is adiabatic, then this 
results in rotationally state selected oriented molecules, because the molecules 
are oriented with respect to the direction of the electric field, which is constant 
in this part of the machine. The guiding field has also a second use. Hyperfine 
coupling might scramble the rotational state selection, because it causes that J 
is no longer a good quantum number. With the homogeneous electric field the 
nuclear spin is effectively decoupled from the rotation of the molecule, which 
ensures that the molecule remains rotationally state selected until the reaction 
chamber. 
In the reaction chamber a second homogeneous field, the so called "harp field" 
is used to orient the molecules in the center of mass frame with respect to the 
incoming atoms. This experimental setup results in three different reaction 
geometries. One of them is plotted in Fig. 5 and the others can be inferred 
from this figure. Fig. 5 shows only a very schematic and simplified version of 
the harp apparatus. It shows a side view of the configuration which prepares 
an "unfavorable" reaction geometry. For this reaction geometry the voltage 
on the wires increases linearly in the direction of the flight of the molecules. 
Hence, the direction of the electric field inside the reaction chamber will be 
approximately antiparallel to the initial velocity of the CH3X molecules in 
the center of mass frame, which means that for a CH3X molecule the CH3 
group will come first. The two other reaction geometries are the "favorable" 
reaction geometry and the "random" reaction geometry. In the "favorable" 
reaction geometry the voltage on the wires decreases linearly in the direction 
of flight of the molecules, resulting in an electric field in the reaction chamber 
approximately parallel to the initial velocity of the CH3X molecules in the 
center of mass frame. This results in a reaction geometry in which the X group 
of a CH3X molecule will come first. For the "random" reaction geometry the 
wires of the harpfield are grounded. In this case the orientation of the molecule 
with respect to the atom will be random. 
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FIG. 5. Schematic side view of the harp field apparatus for the unfavorable reaction 
geometry. 
IV. THE CA ATOM 
The atoms used in the experiments by Janssen et al. are Ca atoms in the lD 
state. These atoms are produced in a oven at 1100 К through an electrical 
discharge. The lD state is a metastable state of the Ca atom with a lifetime 
of 1.7 ms [31]. The Ca atom is produced with a Maxwell-Boltzmann velocity 
distribution, which is rather broad. However, in the calculations only the mean 
velocity of this distribution was used. 
The Ca atoms collide with the CH3X molecules (X = F, CI, Br) in the reac­
tion chamber and can form four different products CaX(X 2 E + ) , СаХ(Б 2 Е + ) , 
СаХ(і42П), and СаХ(Л' 2Д). The first and last product could not be detected 
in the setup used. The second and third product can be detected, although 
their detection can be troublesome because of background radiation from highly 
excited Ca. 
REFERENCES 
[1] K. H. Kramer and R. B. Bernstein, J. Chem. Phys. 42, 767 (1965). 
[2] M. H. M. Janssen, D. H. Parker, and S. Stolte, J. Phys. Chem. 95, 8142 (1991). 
[3] M. H. M. Janssen, Ph.D. thesis, KUN Nijmegen NL (1989), Chap. 8. 
[4] H. G. Bennewitz, W. Paul, and Ch. Schlier, Ζ. Phys. 141, 6 (1955). 
References 15 
[5] F. Hairen, D. H. Рахкег, and S. Stolte, Comments At. Mol. Phys. 26, 109 (1991). 
[6] R. D. Levine and R. B. Bernstein, Molecular Reaction Dynamics and Chemical 
Reactivity (Oxford University, Oxford 1987). 
[7] W. Gordy, W. V. Smith, and R. F. Trambarulo, Microwave spectroscopy (Wiley, 
New York, 1953). 
[8] G. Herzberg, Molecular Spectra and Molecular Structure, (Krieger, Malabar, 
1991). 
[9] M. Menzinger in Selectivity in Chemical Reactions edited by J.C. Whitehead 
NATO ASI Series С Vol. 245 (Kluwer Academic, Dordrecht, 1988), 457. 
[10] D. A. Varshalovich, A. N. Moskalev, and V. K. Khersonskii, Quantum Theory of 
Angular Momentum (World Scientific, Singapore, 1988). 
H. J. Loesch and A. Remscheid, J. Chem. Phys. 93, 4779 (1990). 
H. J. Loesch, E. Stenzel, and B. Wüstenbecker, J. Chem. Phys. 95, 3841 (1991). 
H. J. Loesch and J. Möller, J. Chem. Phys. 97, 9016 (1992). 
H. J. Loesch and F. Stienkemeier, J. Chem. Phys. 98, 9570 (1993). 
H. J. Loesch and F. Stienkemeier, J. Chem. Phys. 100, 740 (1994). 
H. J. Loesch and F. Stienkemeier, J. Chem. Phys. 100, 4308 (1994). 
K. K. Chakravorty, D. H. Parker, and R. B. Bernstein, Chem. Phys. 68, 1 (1982). 
R. J. Beuhler and R. B. Bernstein, J. Chem. Phys. 51 , 5305 (1969). 
D. H. Parker, K. K. Chakravorty, and R. B. Bernstein, J. Phys. Chem. 85, 466 
(1981). 
D. H. Parker, K. K. Chakravorty, and R.B. Bernstein, Chem. Phys. Lett. 86, 
113 (1982). 
S. Stolte, К. К. Chakravorty, R. В. Bernstein and D. H. Parker, Chem. Phys. 
71, 353 (1982). 
P. R. Brooks and E. M. Jones, J. Chem. Phys. 45, 3449 (1966). 
G. Marcelin and P. R. Brooks, J. Am. Chem. Soc. 95, 7785 (1973). 
G. Marcelin and P. R. Brooks, J. Am. Chem. Soc. 97, 1710 (1975). 
D. van de Ende and S. Stolte, Chem. Phys. 89, 121 (1984). 
H. Jalink, D. H. Parker, and S. Stolte, J. Chem. Phys. 85, 5372 (1986). 
H. Jalink, Ph.D. thesis KUN Nijmegen NL, (1987). 
H. Margenau and G. M. Murphy, 2nd ed. The Mathematics of Physics and Chem­
istry (D. van Nostrand Company, Princeton, NJ, 1956). 
A. Groenenboom, private communication. 
M. H. M. Janssen, Ph.D. thesis, KUN Nijmegen NL (1989). 
D. Husain and G. Roberts, J. Chem. Soc. Fraraday Trans. 2 79, 1265 (1986). 
16 
Chapter 2 
On the energy dependence of the steric effect in 
atom-molecule reactive scattering I. 
A quasiclassical approach 1 
Gerrit С. Groenenboom and Anthony J. H. M. Meijer 
Institute of Theoretical Chemistry, University of Nijmegen, 
Toernooiveld, 6525 ED Nijmegen, The Netherlands 
Abstract 
Experimental studies have shown that the steric effect in chemical reac­
tions can decrease (e.g., for Ba + N2O —• BaO* + N2) or increase [e.g., 
for Ca(lD) + CH3F -»· CaF* + CH3] with increasing translation^ en­
ergy. Decreasing (negative) energy dependencies have successfully been 
modeled with the angle dependent line of centers model. We present 
a classical model in which a positive energy dependence of the steric 
effect is explained by an isotropic, attractive long range potential. In 
this "trapping" model we assume the reaction — apart from a cone 
of nonreaction at one side of the molecule — to be barrierless. This 
model shows that a positive energy dependence of the steric effect is 
not indicative of reorientation of the molecule, as has been suggested 
in the literature. Rather, the positive or negative energy dependence 
of the steric effect is shown to correlate with the absence or presence of 
a barrier to reaction and an attractive or repulsive long range poten­
tial. For the reorientation effects which occur in the case of anisotropic 
potentials, we consider the application of the standard quasiclassical 
trajectory (QCT) method and we introduce a modified QCT method. 
We argue that the latter is more suitable for the computation of the 
orientation dependent reactive cross section. 
J G . C. Groenenboom and A. J. H. M. Meijer, J. Chem. Phys. 101, 7592 (1994). 
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I. INTRODUCTION 
The dependence of the reactivity on the orientation of the reagents is a key issue 
in dynamical stereochemistry [1,2]. Experimentally, a symmetric top molecule 
with nonzero dipole moment (or a symmetric top like molecule such as N2O) 
can be oriented using a hexapole state selector [3] followed by a homogeneous 
electric field. This technique allows the control of the (average) orientation 
(β) of the molecular symmetry axis with respect to the initial relative veloc­
ity of the reagents in a crossed beam experiment. The first experiments of 
this type were done by Brooks et al. [4] and Beuhler et al. [5] for the reac­
tions of К and Rb with partially oriented CH3I. Recently, Janssen, Parker, and 
Stolte [6] performed experiments with well defined initial states for the reac­
tion of Cui1 D)+CE3F(JKM). They report the steric effect, i.e., the differ­
ence between the reactive cross sections for favorably and unfavorably oriented 
molecules relative to the reactive cross section for unoriented molecules, as a 
function of the relative translational energy for the ( з=0; JÄ"M=111), (v3=0; 
JKM=212), and ( з=1; JKM=111) states (the 1/3 vibrational mode is essen­
tially a C-F stretch vibration, J, K, and M are the symmetric top quantum 
numbers for CH3F). 
Most theoretical studies on orientational effects employ some version of the 
angle dependent line of centers model (ADLCM) [7] originally introduced by 
Smith [8] and Pollak and Wyatt [9]. This is a classical model in which the 
molecule is surrounded by an imaginary shell (usually a sphere) and it is as­
sumed that a trajectory will be reactive if the radial kinetic energy at this 
shell is high enough to cross a barrier. This barrier is chosen to depend on 
the angle of attack (/Зд) between the symmetry axis of the molecule and the 
line of centers (i.e., the line connecting the centers of mass of the two reac-
tants). Usually, /Зд = 0° corresponds to the relative orientation most favorable 
for reaction. Furthermore, the barrier is often taken to be infinite between a 
certain cutoff angle (/Зд = ßc) and /Зд = 180°. This region is called "cone of 
nonreaction". 
The reason for the current study is the surprising positive energy dependence 
of the steric effect measured for the Ca( 1 D)+CH 3 F reaction. With the ADLC 
model in mind this is counterintuitive; one would expect that at higher energies 
the trajectories will have enough energy to cross the angle-dependent barrier 
over a wider range of angles of attack /?я ) thus opening up the "cone of reaction" 
and lowering the steric effect. The ADLC model has successfully been used to 
account for the negative energy dependence of the steric effect in the reaction 
of B a + N 2 0 [10]. 
It has been suggested [6,11] that the decrease of the steric effect at lower 
energies for the Са(1£))+СНзР reaction might be caused by reorientation of 
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the CH3F molecule due to anisotropic long range interactions between CH3F 
and the electronically excited Ca(1Z>). Supposedly, the "F end" of the CH3F 
molecule would rotate towards the approaching C&^D), thus washing out the 
effect of the initial orientation of the molecule. At higher translational energies 
there would not be enough time for this reorientation to occur and the steric 
effect would increase. 
However, in a series of trajectory calculations, employing several potential 
energy surfaces (PESs) (both ad hoc potentials and potentials based on com­
puted electrostatic long range interactions) we found that the anisotropy in 
the potential, even though it can cause some reorientation, contributes little to 
the decrease of the steric effect [12]. Under certain conditions, it might even 
increase the steric effect. At the same time, however, we find that it is possible 
to reproduce the experimentally found positive energy dependence of the steric 
effect with a model employing a purely isotropic long-range potential in com­
bination with an angle dependent barrier that is zero between /Зд = 0° and the 
cutoff angle /Зд = ßc. This gives an energy independent cone of reaction. It 
might seem surprising that this model can result in an energy dependent steric 
effect. The key to understanding this is that the orientation specified by /Зд 
(as used in the ADLCM) is different from the orientation β controlled by the 
experiment. Even if the interaction potential is zero, a purely geometric effect 
will make the angle of attack /Зд different from the space fixed orientation β 
for all trajectories with nonzero impact parameter. The presence of an attrac­
tive long-range isotropic potential will enlarge these differences. Particularly 
at low translational energy, trajectories with impact parameters (b) larger than 
the radius of the imaginary shell (Rf) will bend towards the molecule and "fly 
around" it to hit it at the back (/Зд > 90°), as shown in Fig. 1. We call this 
"trapping". This effect will wash out the steric effect at low energies, or even 
make it negative. 
The assumption of a barrierless reaction is not unrealistic for the Caí1!)) 
+ CH3F reaction. Experimentally, it was found that the total cross section 
increases at lower energies. This behavior is characteristic of a barrierless reac-
tion with an attractive long range potential [13] and can easily be understood 
from the trapping model. Also, this model is consistent with the "harpooning 
mechanism" that has been proposed for this type of reaction. In this mech-
anism the reaction is initiated by an electron jump at a certain harpooning 
radius Rf, which is thought to correspond to the crossing of a covalent and 
an ionic surface. This mechanism thus gives a physical interpretation of the 
imaginary shell of the ADLCM, but it differs from the ADLCM in that the 
barrier is zero for a certain range of /Зд. 
The difference between the experimentally controllable angle β and the angle 
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FIG. 1. High impact parameter (b) trajectories can be trapped by an isotropic 
long-range potential at low translation^ energy, thus washing out possible steric 
effects. In this figure b, r, and r¡ are reduced quantities, i.e., 6 = Ь/Ь
тлх
(Е), 
r = Я/bmax, and г ƒ = Rf/bmax, where òmax is the largest impact parameter that 
can lead to reaction. The subscript ƒ means at the harpooning radius and R and θ 
are the space-fixed polar coordinates of the line of centers. 
of attack /Зд has been pointed out in literature several times [14-16]. However, 
most of the attention is usually focused on /Зд. For example, an orientational 
opacity function has been defined in terms of /Зд [7]. In case there is a barrier 
to reaction, the trajectories with a relatively large impact parameter tend to 
hit the imaginary shell with a small radial component of the kinetic energy 
and are less likely to be reactive. Hence, in that case, reactive trajectories will 
have relatively small impact parameters and the distinction between /Зд and β 
is less important. On the other hand, for barrierless reactions we argue that 
the distinction between /Зд and β is the key to understanding the experiment. 
Therefore, in the sections below, we will cast the theory of the steric effect in 
terms of the experimentally relevant angle β. 
In Sec. II we define the orientation dependent cross section in terms of β. 
This definition was first introduced by Stolte et al. [17] in 1982 and has been 
used to report the experimental results. Following Stolte et al. we expand the 
orientation dependent cross section in Legendre moments (a¿), which have an 
appealing physical interpretation: σο is the total cross section, a\/a<¡ is the 
orientation or steric effect and аг/сто is the alignment effect. 
In Sec. Ill we work out the theory for the computation of the orientation 
dependent cross section for isotropic potentials of the form 
(Я) = cR~n, (1) 
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with η = 1 . . . 6. We include both the attractive (c < 0) and the repulsive 
(c > 0) case, where the former corresponds to a barrierless reaction and the 
latter to a reaction with a barrier. We will show the energy dependence of 
the first three Legendre moments (σο,σι/σο, and a-iju^) for several values 
of the cutoff angle ßc. This is possible because the result turns out not to 
depend on R¡, с, and E separately, but rather on one dimensionless parameter, 
the reduced energy È = ЕЩ/с. We only give results for η = 4 since this 
corresponds to the leading term in the long range potential for Ca(1Z))+CH3F. 
The R~4 dependence of the leading term in the Ca( 1 D)+CH 3 F long range 
potential arises from the electrostatic interaction between the dipole moment 
of CH3F and the quadrupole moments of the lD substates of Ca( 1 D). For 
more details see Ref. [12]. 
In Sec. IV we discuss the case of a general anisotropic potential. In this 
case the rotation of the symmetric top molecule must be explicitly included 
in the model. One way to compute the orientation dependent cross section is 
by a standard quasiclassical trajectory (QCT) simulation of the experiment. 
We will show, however, that with this method the equations to obtain the 
Legendre moments σ^/σο for г > 1 must be adapted in order to be consistent 
with the isotropic model. We present an alternative method which we call 
the modified quasiclassical trajectory (MQCT) method. This method yields 
again the same results for isotropic potentials, but we will argue that it is 
better for arbitrary anisotropic potentials. Furthermore, the MQCT method 
has numerical advantages. 
We do not give numerical results for the anisotropic case. Rather, we will 
show the application of this theory to Са(г£>) + CH 3 F in a separate paper [12]. 
The reason for this is that the application to this system involves several issues, 
such as the choice of the potential and its asymptotic fivefold degeneracy, which 
are beyond the scope of the present paper. 
II. THE ORIENTATION DEPENDENT CROSS SECTION 
Information about the energy dependence of the steric effect is obtained by 
measuring the energy dependent, initial state selected, reactive cross sections 
a
JKM(E). The symmetric top quantum numbers are J , the total angular 
momentum, M, the projection of J onto the space fixed ζ axis (which is defined 
parallel to the homogeneous electric field) and K, the projection of J on the 
molecular symmetry axis (z'). Different M states (for given J and K) have 
different average orientations 
/ m KM 
(cosß)JKM = - ^ j - ц , (2) 
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where β is the angle between ζ and z'. The experimental setup is such that the 
relative velocity of the reagents is (approximately) parallel to the homogeneous 
electric field. Thus, measuring aJKM{E) for a set of M values gives information 
about the orientation dependence of the reactive cross section. Since a given 
M state does not correspond to a sharp value of ρ = cos β, but to a distribution 
of ρ values VJKM{p) (see Appendix A), we define the orientation dependent 
cross section aJK{p,E) implicitly by 
'
< E )
 = / . ' a
JKM(E)=l aJK(p,E)VJKM(p)dp. (3) 
Usually, the orientation dependent cross section is defined in the context of 
a classical model in which the rotation of the molecule is decoupled from the 
motion of the approaching atom [18]. In such a model, aJK(p,E) arises as 
the reactive cross section for a nonrotating molecule with a fixed orientation 
ρ = cos/3. In that case, the initial distribution VJKM{p) remains unchanged 
during the approach of atom and Eq. (3) can be used to compute aJKM(E) 
as a weighted average of aJK(p, E). In our definition aJK(p, E) does not arise 
from any specific model, but is defined as a function that satisfies Eq. (3) for 
known aJKM(E) and VJKM(p). For given values of J and К there are only 
2 J + 1 possible M values (M = - J, — J + 1,.. ., J) and there could still be an 
infinite number of functions aJK(p,E) satisfying Eq. (3). We fix aJK(p,E) by 




JK{p,E) = YdaJlK{E)Pl{p). (4) 
1=0 
The probability distribution function VJKM(p) can also be expanded in Leg­
endre polynomials 
^ ( Ρ ) = Σ ^ Μ Ρ « Μ . (5) 
1=0 
The expansion coefficients cJKM are known analytically (see Appendix A). 
By substituting Eqs. (4) and (5) into Eq. (3) and integrating over p, we ob­
tain the following set of 2J + 1 linear equations relating the Legendre mo­
ments {afK(E); I = 0 , 1 , . . . , 2 J } to the reactive cross sections {aJKM{E)\ M = 
-j,-j + i,...,jy. 
ffjKM{E) = ^ к { Е ) е , к и * ( 6 ) 
i=o u + L 
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Inversion of these linear equations for J = К = 1 leads to the well known [6] 
















 (E) = a¿K (E) denotes the cross section for the unoriented molecules, 
which is equal to 
°
3K(s) = π τ τ Σ °JKM(E). do) 
¿J + l
 M=-J 
Thus, the zeroth Legendre moment is equal to σ^^^Ε) and we use it to nor­
malize the other Legendre moments. It is advantageous to use aJK(E) rather 
than aJKM(E) with M = 0, because the former is more easily accessible ex­
perimentally. 
In Sec. Ill we consider an isotropic interaction potential, which decouples 
the rotation of the molecule from the motion of the atom. As a result, the 
ADLC type model described in Sec. I leads to an expression for the cross 
sections aJKM{E) which has the form of Eq. (3) and we obtain an expression 
for aJK(p, E) in a straightforward manner. The results from this Section could 
also have been obtained if aJK(p,E) had been defined as the reactive cross 
section for a nonrotating molecule. 
By contrast, in Sec. IV we consider an anisotropic interaction potential that 
can reorient the molecule. Computing aJK(p,E) from trajectories that have 
initially nonrotating molecules would not give meaningful results, since the re­
sponse of a nonrotating molecule to a torque is different from the response of a 
rotating molecule. One way to proceed would be to replace the reactive cross 
sections aJKM(E) in Eqs. (7)-(9) by their standard quasiclassical approxima­
tions a3km{E) (where j , k, and m are the classical analogs of J , K, and M - see 
Sec. IVA). However, in the model for reaction we made the assumption that 
the angle of attack ßa - and therefore indirectly the orientation of the molecule 
β - determines whether reaction occurs or not. Thus, we think that instead of 
using m (the moment conjugate to a) to make the connection between classical 
and quantum mechanics, we should use the orientation dependent cross section 
σ
3Κ
 (ρ, E) to make this connection. In other words: if we would make the 
correspondence σ3ΚΜ(Ε) « азкт{Е) we would ignore the fact that the classi­
cal distribution of orientations V (p) differs considerably from the quantum 
24 Chapter 2: A quasiclassical approach 
mechanical distribution VJKM{E). Therefore, we propose to compute a qua­
siclassical approximation азк(р,Е) to the orientation dependent cross section 
by solving the classical analog of Eq. (3) 
a>km(E) = j1^k(p,E)V3km(p)dp. (11) 
In Sec. Г we present two methods to solve ïïjk(p, E) from this equation. In the 
first method we only use trajectories that start with m values that correspond 
to the quantum mechanical values M. Since we do not make the connection 
a
JKM{E) κ ä]km(E) but instead aJK(p,E) « &k(p,E), we have complete 
freedom in the choice of m and in the second method, which we will refer to as 
the modified quasiclassical trajectory (MQCT) method, we use all classically 
allowed m values. The MQCT method can be viewed as an alternative method 
to quantize τη: we compute σ3ΐί(ρ, E) from Eq. (11) using all possible m values, 
and substitute it back into Eq. (3) to obtain approximations to aJKM(E) for 
quantum mechanical M values. 
III. THE ISOTROPIC CASE 
In the case of an isotropic interaction potential between the symmetric top 
molecule and the atom, the motion of the centers of mass of the molecule 
and the atom decouple from the rotation of the molecule. Therefore, we can 
describe this rotation quantum mechanically, using the probability function 
VJKM(a,ß,f) defined in Eq. (A3) and treat the centers of mass motion clas-
sically. We choose a space-fixed coordinate system with its origin in the center 
of mass of the atom-molecule system. The z-axis is chosen parallel to the ini-
tial relative velocity. The vector connecting the centers of mass is denoted by 
R. We define the space-fixed ¡c-axis by requiring R to lie in the (x, z) plane 
initially. The impact parameter is b, thus initially Л , = (ò, 0, oo). The cen-
ters of mass motion will be described using polar coordinates R = | | Д | | and 
θ (the angle between R and the space-fixed ζ axis). The orientation of the 
molecule is described using the Euler angles {α, β, η) in the space-fixed frame. 
The molecular symmetry axis is 
z' = 
sin β cos a 
sin β sin α 
cos β 
(12) 
We propagate {R, Θ) until R reaches some fixed final value Rf. The final 
angle Θ/ depends on the impact parameter and on the translational energy 
Ε: Θ ƒ = Qf(b,E). Reaction is assumed to occur if the angle of attack (/Зд) 




FIG. 2. The atom hits the imaginary sphere at the point determined by the polar 
angle Θ/ and the azimuthal angle o. The polar angle of the symmetry axis of the 
molecule is β. The reaction probability is a function of the angle of attack Дд. In 
Eq. (19) the integration over β and a is replaced by the integration over /Зл and ξ. 
between R¡ and the molecular symmetry axis z' is less than a critical value ßc 
(the angles are shown in Fig. 2). Introducing the reaction probability 
0 < ßR < ßc 
); ßc<ßR<* ' W(ßR) = { ;;; 
we can write the reactive cross section as 
rfWx(£) /·2π /·2π ri 
r(E) = 2π bdb / da dj dcosß 
Jo Jo Jo J-l 





m&x(E) must be equal to or larger than the largest impact parameter 
that can lead to reaction. Using Eqs. (A3)-(A5) we can perform the integration 
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over 7, which gives 
rbm*x(E) r2n ri 
a
JKM(E) = bdb I da i dcosß (15) 
Jo Jo J-l 
xVJKM(cosß)W{ßR[ef(b,E),a,ß}}. (16) 
Comparing this equation to Eq. (3) we find for the orientation dependent re-
active cross section 
/•bm»x(iJ) r2n 
a
JK{p,E) = bdb daW{ßR[Qf(b,E),a,ß}} (17) 
Jo Jo 
and for its Legendre moments [using Eqs. (A7) and (4)] 
97 _L 1 fl>m*x{E) /·2τ ri 
afK(E) = —^— ƒ bdb ƒ da dcosß 
xPl(cosß)W{ßR[@f(b,E),a,ß]}. (18) 
The discontinuity in W(ßR) makes it difficult to evaluate the integral. This 
problem can be removed by the following change of variables (β, a) -> (ßR, ξ). 
Here ξ is the angle between the ( i , z) plane and the plane through Rf and z' 
[see Fig. (2)]. Thus, ßR and ξ are the polar angles of the z' axis in a frame 
which arises from rotating the space fixed frame around the у axis over an angle 
Θ/. Hence, we can replace 
/
1 ρ2ΐΐ ri г2тг 
dcosß da= dcosßR άξ. (19) 
-ι Уо J-i Jo 
We now eliminate W from Eq. (18) by limiting the range of integration for ßR 
97-1-1 f*in»x(-E) r2 7 r r1 
afK(E) = —¿— / bdb / άξ dcosßR 
2 Jo Jo Jcos0c 
xPi{cosß[Qf(b,E),C,ßR}}. (20) 
The expression for cos/3 is 
cos/3 = sin ©ƒ cos^ + coso/ cos ßR. (21) 
All that remains to be done before we can evaluate this integral is to derive 
formulas for Qf(b,E) and bmSiX(E). Of course, these functions depend on the 
shape of the potential. However, we will first draw a few conclusions that are 
independent of V(R). 
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A. Special cases 
First, we note that in the current model the Legendre moments [Eq. (20)] axe 
independent of J and К and in the remainder of this section, we will drop 
those labels [N.B. the reactive cross sections aJKM(E) still depend on J and 
К because the probability density functions VJKM(p) are J, К dependent, see 
Eq. (3)]. 
For I = 0 we can evaluate the integral analytically and we obtain the following 
simple expression for the total reactive cross section: 
(^f^) · (22) 
σ0{Ε)=ποΙΛΧ{Ε) 
In the limit of large energy [E » V(R)] we have ft
max
 = R¡ and find the 
completely intuitive result that the reactive cross section is equal to a collisional 
cross section multiplied by a factor between zero and one that depends on the 
size of the cone of reaction. 
For / = 1 we derive (without approximations) 




Again we can take the limit for large E, in which case cos Θ/ can be determined 
by the geometric relation 
cos 0/(6) = y/l - (ft/ft
ma
,)2 (24) 
and we obtain 
lim ^4§ = 1 + c o s & · (25) 
Hence, in the limit of high energy the steric effect must be positive and have 
a maximum of two. Note that the high energy limit actually applies to any 
potential, even to anisotropic ones. 
Before we proceed to derive the general formulas we will give a lower and 
upper bound for the steric effect valid for arbitrary energies. These values are 
obtained by setting / to π and 0 in Eq. (23), respectively. The upper limit can 
actually be approached in the case of a repulsive potential at low energies, in 
which case only small impact parameter trajectories are reactive. One expects 
always to stay clear of the lower limit 
- ¿ ( 1 +cos ft) < ^ - j ! ! < | ( 1 + cos ßc). (26) 
Note that these limits rely on the assumption of an isotropic potential. 
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B. General solution 
The general expressions for Qf(b,E) and b
max
(E) are found by solving the 
classical equations of motion of the centers of mass of the atom-molecule system. 
The solution of this effective central force problem is well known [13,19]. For 
the deflection angle at Rf we find 
Qt(b,E)= f b dR. (27) 
' JR, S/R* - b2R? - RiV{R)E~1 ' 
We derive the expression for Ь
тлх
(Е) in the usual way by considering the 
effective potential [13] [see Eq. (1)] 
V*(R,b,E) = b-^ + ^ . (28) 
We find bmax fr°m condition (I) 
Veft(Rf,bmtx,E)=E. (29) 
However, we must be aware that for с < 0 and η > 3 the effective potential 





as shown in Fig. (3). Hence, if Rf < R
c






, E), òmax, E] = E. (31) 
Condition (I) gives 
^bf^aj (32) 
and condition (II) leads to 
l / n 
e-(f)"(=),/,(=-i)M/,*e. ( a . 
and also 
l /n 
Rc(E,n,c)={^) "g-!)17". (34) 
Note that this last result is identical to the Langevin model [13]. Thus, we are 
in regime (II) if all of the following three conditions are satisfied: 





FIG. 3. The effective potential. 
1. c < 0 ; 
2. η > 3; 
3. ñ / <Rc{E,Ti,c). 
and otherwise we are in regime (I). 
We now have presented all the formulas needed to compute the Legendre 
moments σι of Eq. (20) for a given E, Rf, c, n, and ßc. It turns out, however, 
that by introducing the reduced energy 
E = E-i-
c 




and as a result, σι/σο depends on three parameters only (E,n,ßc). This is an 
extremely important result, since it allows us to easily examine the behavior of 
our model for the entire parameter space. For σ0 (E) we actually have a simple 
closed formula (see below) which depends on three parameters (E,Rf,ßc) in 
regime (I) and on four parameters (E,Rf,ßc,n) in regime (II). 
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First, using the equations for Rc and Ë [Eqs. (34) and (35)] we rewrite the 
three conditions that determine when we are in regime (II) in the compact form 
1 - ^ < È < 0. (37) 
For òmax we find the expressions 
&m
ax
№,-R/) = - R / ( i - ¿ ) (38) 
е.(Я,*„») = Rf(-Ê)-^ ( ¡ Г G - i)(2-n)/(2n) · (39) 
Introducing the reduced impact parameter 
b = b/b
maxy (40) 
we find for the last factor in Eq. (36), using Eq. (20) 
21 +1 Γ1- Γ2π Γ1 
8i{E,n,ße) = -^— / bdb / άξ / dcos/Зл 
¿




where Θ (6, E) is given by 
θ/(ft, E) = Γ b dr. (42) 







Here, г J is the reduced final radius 
τ f = Rf/b
mAX (43) 
which is expressed as a function of Ë (in regime I) or Ê and η (in regime 
II) using Eqs. (38) and (39), respectively. For numerical evaluation of this 
integral it is convenient to map the infinite range [77,00] onto [0, l/гі] by the 
substitution у = 1/r. This gives our final formula for / 
θ/(ò, E) = / _ dy. 
Jo Jl-b2y2-ynE-1r^ 
(44) 
Summarizing, Eqs. (21) and (35)-(44) are all we need to compute 
σι(Ε)/σ0(Ε). We wrote a small Fortran program to compute the integrals 
of Eqs. (41) and (44), using the NAG library [20] routines D01AJF for the 
integral over b, D01DAF for the integrals over ξ and cos/Зд and D01ATF for 
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the integral over y. In addition, we made one more substitution to facilitate 
the numerical evaluation of the integral; in Eq. (41) we substitute g = b2 giving 
ƒ ldb=\j\g. (45) 
Because of all the transformations the integrands are well behaved and the 
required computer time is negligible. 
To compute σο(Ε) no integrals have to be evaluated, Eqs. (22), (38), and 
(39) suffice. 
C. Results 
In Fig. 4 we show the energy dependence of the total reactive cross section, the 
steric effect and the alignment effect for a cR~n, η = 4, potential. The solid 
curves correspond to an attractive potential [È < О, с < 0, see Eq. (35)] and 
the dashed curves to a repulsive potential (Ё > 0). We give results for cutoff 
angles ßc of 60, 90, and 120 degrees. 
Panel (a) gives the total reactive cross section normalized to the high energy 
collisional cross section (пЩ). At high energy we have i>
max
 = R¡, thus from 
Eq. (22) we know that the curves, independently of the sign of Ё, should 
converge to 1/4,1/2, and 3/4 for /3C=60, 90, and 120 degrees, respectively. For 
repulsive potentials, the reactive cross section is zero for Ё < 1, since the total 
energy is less than the potential at the harpooning radius R¡ in that case [see 
Eq. (35)]. We see that in all cases an attractive potential results in a negative 
energy dependence of the total reactive cross section and a repulsive potential 
in a positive energy dependence. 
In panel (b) we show the steric effect σι/σο. The most important conclusion 
is that the energy dependence is exactly opposite to the energy dependence of 
σο: It is positive for attractive potentials and negative for repulsive potentials. 
Furthermore, the larger the cutoff angle (/3C), the smaller the steric effect. In 
agreement with Eq. (25) the high energy limits are 3/2, 1, and 1/2 for /3C=60°, 
90°, and 120°, respectively. We reach the upper limit given in Eq. (26) for 
repulsive potentials near È = 1. The lower limit given in the same equation is 
not reached, but at low energies (|JE| < 0.11, approximately) we actually get a 
negative steric effect: because of the trapping, as shown in Fig. 1, trajectories 
are more likely to hit tails than heads. 
Finally, panel (c) shows the alignment effect 02/&o- For attractive potentials 
it is small and nearly energy independent. For ßc = 90° it is identically zero at 
all energies for both the repulsive and the attractive potentials. For repulsive 
potentials the alignment effect is much more sensitive to the cutoff angle than 


























FIG. 4. The reactive cross section for unoriented molecules [panel (a)], the steric 
effect [panel(b)], and the alignment effect [panel (c)], as a function of the reduced 
energy E for several values of the critical angle of attack ßc. 
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for attractive potentials, but in any case it is positive for ßc > 90° and negative 
for ßc < 90°. 
IV. THE ANISOTROPIC CASE 
We present two methods to obtain the quasiclassical orientation dependent 
cross section a]k(p,E) from Eq. (11). Both methods have the desirable prop-
erty that they yield the same result as the method described in Sec. II in the 
case of an isotropic potential. For a general potential they might give different 
results, and below we will argue why we prefer the second method. Before we 
describe the two methods we must give a brief introduction into the classical 
description of a symmetric top. 
A. Classical description of a symmetric top 
The orientation of the symmetric top is given by the three Euler angles (α, β, 7). 
The moments conjugate to these angles are p
a
, pp, and p 7 . The symmetric top 






 + Ар} + Cp% (46) 
where A and С are the rotational constants. From Hamilton's classical equa­
tions of motion we have 
P
a
 = - ^ = 0, (47) 





 are constants of the motion and we define p
a
 = m and 
p 7 = k. For a total angular momentum j the energy is 
Erot = Aj2 + {C-A)k2. (49) 
Solving H = E for ρβ gives 
p0 = f-^-^f, (50) 
and we derive the classical distribution 
V3km{p) ~ i j ~ r-A-ñ- (51) 
\p\ \p0smß\ 
34 Chapter 2: A quasiclassical approach 
With the appropriate normalization we have 
TP**(P) = { ¿ ( V + 2ψΡ + ! - f - £ ) " 1 / 2 , for p! < ρ < P2,
 ( 5 2 ) 
\ 0 otherwise, 
where 
This distribution function has been obtained by Choi et al. [21] from geo­
metrical arguments. The quasiclassical approximation of the state | J KM) is 
obtained by setting 
j = hy/J(J + l), (54) 
m = hM, (55) 
к = ПК. (56) 
If we follow the derivation in Sec. Ill using Eq. (11) to define ajh(p,E) we 
obtain an expression for азк{р,Е) identical to Eq. (17). In other words, we 
have £fjfe (p, E) = aJK (p, E) for isotropic potentials. We may now define the 
two methods that apply to the anisotropic case. 
B. Quasiclassical Trajectory (QCT) Method 
The quasiclassical reactive cross sections aikm{E) are obtained by trajectory 
calculations. We have the following initial conditions: α and 7 are sampled 
uniformly, cos β is sampled according to distribution Eq. (52) and for the impact 
parameter we have P(b) ~ b, 0 < b < òmax. The conjugate momenta are 
given by Eqs. (50), (55), and (56). For each trajectory the classical equations 
of motion are integrated numerically and we determine the final angle βχ. 
The reaction probability W(ßp) as defined in Eq. (13) determines whether a 
trajectory is reactive or not. The reactive cross section is approximated by 
WJkm{E) = Ш-пЬ^, (57) 
where NT(E) is the number of reactive trajectories and Nt the total number 
of trajectories. òmax must be chosen large enough not to miss any reactive 
trajectories, N must be increased to improve the accuracy. 
We expand the classical distribution in Legendre polynomials 
Vikm{p) = Y,tmPiiP)- (58) 
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For the expansion coefficients we have an analytic expression (see Appendix B) 
цкт =
 2[+1
р / ф Р / ( т } ( 5 9 ) 
We can now compute the Legendre moments of the orientation dependent re­
active cross section ajk(p,E) from the classical analog of Eq. (6). 
Just as in Sec. II we can replace the equation with m = 0 by the equation 
for the unoriented reactive cross section. For this purpose we must generate 
trajectories with random m values m e [—j,j]· The corresponding distribution 
in ρ is indeed uniform 
V3k{P) = ^iykm{P)dm=\. (60) 
For the example J = К = 1 we now find 
σ£'1)(Ε)=σ^(Ε), (61) 
Τ#·ι\Ε) ~ * ( M ) ( S ) 
^
M ) ( S ) 
σ^·
λ




Comparing this to Eqs. (7)-(9) we find that only the expression for the align­
ment effect is different from the quantum version. 
C. Modified quasiclassical trajectory (MQCT) Method 
This method only requires the computation of trajectories with random m 
(which are also required for the computation of σο(Ε) in the QCT method). 
We introduce the expansion 
^




Using the Monte Carlo approximation to the integral 
h-η N f(
x
)dx = -—Ytf(xl), (66) / N
 ,= ! 





where the summation is only over the reactive trajectories. If we substitute 





into Eq. (11), we find 
¿ c f ( В Д ф = f Yja{!'{E)Pl{p)VJkm{p)dp. (69) 
ι=ο -I J-1i'=o 







Aw (J, k) = ^ f d^ f арРг^ф^МРг. (ρ). (71) 
2 7-1 3 У-i J 
Surprising as it may seem, these matrix elements can be evaluated analytically 
(see Appendix B) and the result is 
Aw(j,k) = Pl(*)6w. (72) 
J 
Because of the Kronecker delta in this expression we can easily invert Eq. (70), 
giving the MQCT expressions for the Legendre moments of the orientation 
dependent reactive cross section 
äjk(E)=?lk(E)/Pl(*). (73) 
Comparing the two methods we see that in the QCT method the steric effect 
is computed from the difference of the reactive cross section for two values of 
m [Eq. (62)], whereas the MQCT method relies on all classically allowed m 
values [Eqs. (67) and (73)]. The classical probability density function corre-
sponding to a specific m value is sharply peaked and very different from the 
smooth quantum mechanical probability density function (see, e.g., Fig. 1 in 
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the accompanying paper [12] or Fig. 4 in Ref. [21]). Therefore, we expect the 
MQCT to sample the potential energy surface much more realistically than the 
QCT method. Numerically, the MQCT has the advantage that it only requires 
trajectories for random m values, which are needed anyway to compute σ0(Ε). 
Note that one cannot generate the quantum mechanical probability distri­
bution by simply taking the initial ρ values of the trajectories according to 
VJKM(p). First of all, with m fixed by the quantization condition Eq. (55), 
some trajectories would have to start in a classically forbidden region. Sec­
ondly, the resulting distribution of trajectories would not be stationary and 
the fraction of reactive trajectories would depend on R(0). Lifting the quan­
tization condition for m makes it possible to generate stationary distributions 
of ρ that differ from the classical distribution. Continuing along this line of 
thought led us to the development of the MQCT method. 
Note, incidentally, that with the QCT method one computes at most 2 J + 1 
Legendre moments, as in the quantum mechanical case, whereas with the 
MQCT method one can formally compute as many Legendre moments as de­
sired. In practice, this has little relevance, since both methods are expected to 
be very sensitive to statistical errors for the higher Legendre moments. 
V. CONCLUSION 
It has been shown that a positive energy dependence of the steric effect does 
not require reorientation. We have presented a model with three elements, an 
imaginary shell (with radius Rf) surrounding the molecule at which reaction 
is assumed to occur, a critical angle ßc which determines which part of the 
shell is reactive, and an isotropic long range potential of the form cR~n. This 
model predicts a positive energy dependence of the steric effect for attractive 
potentials and a negative one for repulsive potentials. For σο{Ε) the energy 
dependence is reversed. For attractive potentials our model predicts a small, 
almost energy independent alignment effect. The computation of σι /σο for 
isotropic potentials is numerically easy, since most of the work can be done 
analytically. 
We also present two methods for the computation of σι /σο for arbitrary 
(anisotropic) potentials. The first method is based on the standard quasiclas-
sical trajectory (QCT) method for the computation of state selected reactive 
cross sections Wjkm(E). The most important conclusion with respect to this 
method is that the relation between σι /σο for I > 2 and the reactive cross sec­
tions from QCT differ from the quantum mechanical version, because all but 
the zeroth and first Legendre moments of the classical distribution function 
V3 (p) are different from the quantum mechanical ones. 
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The second method, which we refer to as the modified quasiclassical trajec­
tory method (MQCT), is based on the computation of W^km(E) for all classi­
cally allowed m values, and not just from the discrete set used in the QCT. 
The coefficients of the expansion of Wkm{E) in Legendre polynomials in (m/j) 
are directly related to the Legendre moments σ·7* {ρ, E) of the orientation de­
pendent reactive cross section. We favor this MQCT method over the QCT 
method because we expect the MQCT method to sample the potential energy 
surface more evenly and thus give a better orientation dependent reactive cross 
section. For isotropic potentials both methods give the same result. 
In the accompanying paper [12] we will show that the parameters in the 
isotropic model needed to reproduce the experimental results for the energy 
dependence of the steric and alignment effects in the Са(1£))+СНзГ reaction 
are physically reasonable. We will also study the effects of anisotropy in the 
potential using the MQCT method and we will compare the MQCT and QCT 
numerically. 
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A P P E N D I X A 
The orientation of a symmetric top molecule with respect to the space-
fixed frame is specified by the three Euler angles (a,/?, 7). We use the zyz 
parametrization, the domain of the angles is [0,2π) for a and 7 and [0, π] for 
β, the volume element is dr = dadyd cos β. Using active rotations, the wave 
function is given by [22] 




The probability function, i.e., the square modulus of the wave function 
!J + 




thus only depends on β and we define 
/·2π /·2π 
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with ρ = cos/3. This ^-dependent probability function can be expanded as a 
finite sum of Legendre polynomials [21] 
2 J 
VJKM{P)=Y^CJKMPI{P) ( A 6 ) 
1=0 
We use unnormalized Legendre polynomials, i.e., Po{p) = 1, Pi(p) = p, Piip) = 
ì(3p2 - 1), etc., and 2 
j\{p)Pl,{p)dp=^l6w. (A7) 
The expansion coefficients expressed in 3jm-symbols are 
cfKM = ^l(-l)M-K(2l + l) 
«(¿-ii)U-«i)· M 
APPENDIX В 
In this appendix we will give the proofs for Eqs. (59) and (72) from Sec. Г . 
We first prove the following theorem. 
Theorem 1 For — 1 < m/j < 1 and — 1 < k/j < 1, we have 
Ι,
1
- Γ , ™ dp 
KJpi '«
 V/(l-2^p-(f)2-(f)2-p2) 
= Ρι(^)Ρι(% (BD 
J 3 
where p\ and pi denote the zero points of the second degree polynomial in ρ 

















Рг - Pi 
into Eq. (Bl) and using definitions Eqs. (B2), gives 
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4Mrf^-'HÄ (B4) 
Substituting — cos и for у gives 
Ι=1
*Ιο
Ρΐ{Ψ~ - - ^ - ( у ^ - ф 2 ) ) **• О») 
We now substitute m/j = COST; and k/j = cosÇ. Thus, we can write the 
argument of the Legendre polynomial in Eq. (B5) as 
^ _
С 0 8 и у / [ 1 _ ф 2 ] [ 1 _ ф 2 ] = 
cos η cos ζ — sin η sin ζ cos и = cosa). (B6) 
Physically, we can interpret η as the angle between the total angular mo­
mentum vector j and the space-fixed (SF) z axis, ζ as the angle between j and 
the body-fixed (BF) z axis (= z') in Eq. (12), and ω as the angle between the 
SF z axis and the BF z axis. The angle и can be conceived as the dihedral 
angle between the plane through j and the SF z axis and the plane through j 
and the BF z axis. We now use the spherical addition theorem [22], 
P, (cos ω) = Σ С'я (С 0)С„ (IJ, и), (В7) 
я 
where Οι4(η,ν.) is a spherical harmonic function in the Racah-normalization, 
to rewrite Eq. (B5). Subsequent integration over и only leaves the terms with 
q = 0, which themselves are Legendre polynomials, proving Theorem (1). 
Using Eqs. (71) and (52) and Theorem (1) and the orthogonality of the 
Legendre polynomials we can prove Eq. (72). To prove Eq. (59) we multiply 
Eq. (58) by Pv(p) and integrate over ρ using, again, Theorem (1) and the 
orthogonality of the Legendre polynomials. 
As an interesting aside we note that one can also derive the expansion co­
efficients for the classical probability density function (PDF) of Eq. (59) by 
starting with the quantum mechanical expression of Eq. (A8) and using the 
correspondence principle, i.e., 
f.km = lim cfKM. (B8) 
When taking this limit (jkm) and / are fixed and (JKM) is related to (jkm) 
through Eqs. (54)-(56). Thus, taking the limit of h ->· 0 corresponds to taking 
J -¥ oo. For J >> I we have the asymptotic expression for the Clebsch-Gordan 
(CG) coefficients [22-24] 
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CSS^ñíj^). (B9) 
The 3jm symbols in Eq. (A8) are related to the CG coefficients by 
\-M 0 M ) - [ 1 J y/2J+l JKM0 ( ' 
with, of course, a similar expression for the 3jm symbol with К instead of M 
(note that we used the fact that cyclic permutations of the columns leave 3jm 
symbols unchanged). Furthermore, for large J we have M/(J + 1/2) w m/j 
and we find 
limίο™ = ЦІР^Р^), (Bil) 
ft->o 2 j j 
which again is a proof of Eq. (59). 
Note, incidentally, that although the Legendre moments of the quantum me­
chanical PDF converge to the classical Legendre moments for large J, there 
is no pointwise convergence of the quantum mechanical PDF and the classical 
PDF. In particular, for larger and larger Js the quantum mechanical PDF has 
an increasing number of zeros. Mathematically, this lack of pointwise conver­
gence is caused by the fact that Eq. (B9) no longer holds when I approaches 
J. 
Chapter 3 
On the energy dependence of the steric effect 
for atom-molecule reactive scattering II. 
The reaction C a ^ D ) + C H 3 F (JKM=1U) -+ 
C a F ( 2 n ) + CH3 1 
Anthony J. H. M. Meijer, Gerrit С. Groenenboom, 
and Ad van der Avoird 
Institute of Theoretical Chemistry, University of Nijmegen, 
Toernooiveld, 6525 ED Nijmegen, The Netherlands 
A b s t r a c t 
The observed increase in the steric effect of the reaction Ca CD) + 
C H 3 F (J Κ M=111) -> CaF (2П) + CH 3 with increasing energy has 
been tentatively ascribed to a reorientation of the initially oriented 
CH3F axis, due to anisotropic long-range forces [M H M Janssen, 
D H Parker, and S Stolte, J Phys Chem 95, 8142 (1991)] Here 
we present ab initio calculations and use these to construct a long-
range potential To this potential we fit an isotropic model potential 
and two anisotropic model potentials On the long-range potential and 
on the model potentials we perform classical trajectory calculations 
and we compare the two methods presented in the preceding paper 
[G С Groenenboom and A J H M Meijer, J Chem Phys 101, 7592 
(1994)] for the extraction of the steric effect We conclude that already 
the attractive isotropic model presented in this paper can account for 
the observed energy dependence of the steric effect for this reaction 
via a "trapping" mechanism We show that although reorientation is 
possible, it contributes little to the positive energy dependence of the 
steric effect 
l A J H M Meijer, G С Groenenboom, and A van der Avoird, J Chem Phys 
101, 7603 (1994) 
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I. INTRODUCTION 
In the last two decades there have been numerous investigations into the role of 
reagent orientation for reactive collisions in crossed-beam experiments. Most of 
these experiments were done using symmetric top (like) molecules and (earth) 
alkali atoms, in which the molecules were in a specific rotational state {JKM), 
selected by using a hexapole field [1-3], where J, К and M denote the symmet­
ric top rotational quantum numbers. With a beam of state selected molecules it 
is possible to give the (presumed) reactive end of the molecule a specific average 
orientation with respect to the relative velocity of the reactants. This results 
in a "favorable" or "unfavorable" orientation of the reactants, corresponding to 
an orientation with the reactive end of the molecule first or an orientation with 
the nonreactive end of the molecule first, respectively. Examples of reactions, 
studied in this way, are (Rb, K) + CH3I [3-11], NO + 0 3 [12], Ba + N 2 0 
[13-16], Ca QD) + CH3X (X=F, CI, Br) [17,18]. 
One reaction, studied extensively both experimentally and theoretically, is 
the Rb + CH3I -• Rbl + CH3 reaction. It was found that the total cross 
section for this reaction is higher in the case of a favorable orientation of the 
reactants (I-first) than in the case of an unfavorable orientation of the reactants 
(CH3-first), thus confirming very basic chemical intuition [4-6]. This difference 
in the total reactive cross section, relative to the total reactive cross section for 
a beam of unoriented molecules, is called the "steric effect." In the case of Rb 
+ CH3I no investigations were made into the dependence of the steric effect on 
the average relative translational energy, E, of the reactants. However, these 
investigations were made in the cases of the Ba + N 2 0 -¥ BaO* + N2 and 
Ca (lZ?) + CH3X (X=F, CI, Br) -4 CaX (Λ 2 Π,Β 2 Σ) + CH3 reactions. 
For the Ba + N2O reaction a negative dependence of the steric effect on E 
was found. This was explained in terms of the angle dependent line of centers 
(ADLC) model [19-22]. This is a classical model, in which the molecule is 
surrounded by an energy barrier, pictured as an imaginary shell. Reaction is 
assumed to occur only if the atom has sufficient radial kinetic energy to sur­
mount the barrier. This barrier is often chosen to depend on the angle-of-attack 
/Зд, i.e., the angle between the symmetry axis of the molecule and the line of 
centers (the line connecting the center of mass of the molecule and the atom). 
Usually /9д=0° is chosen to correspond to a favorable orientation of the reac­
tants. Furthermore, this barrier is often taken to be infinite between a certain 
cutoff angle ßc and /Зд = 180°, the so-called "cone of nonreaction". Evidence 
for the existence of such cones of non-reaction has been found experimentally 
[5,6]. 
From this model one obtains, as might be expected, a negative energy de­
pendence of the steric effect, since at higher energy the reactants are able to 
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surmount the barrier for a larger range of angles /Зд, thus lowering the steric 
effect. This agrees with the results observed for the Ba + N2 О reaction. For 
the total reactive cross section for a beam of unoriented molecules this model 
predicts a positive energy dependence at low energy and a negative energy 
dependence at energies well above the barrier [23,24]. Also this behavior is 
exactly what was found for the Ba + N2 О reaction [13-16]. 
A positive dependence of the steric effect on E was found in the case of 
the Ca (Ч>) + CH 3 F (JKM = 111) -• CaF (Л2П) + CH3 reaction, together 
with a negative energy dependence of the total cross section for the unoriented 
beam [17,18]. No measurements were made for the other possible reaction 
products: CaF (Χ 2 Σ), CaF (Β 2 Σ), or CaF (Λ' 2Δ), due to experimental dif­
ficulties [17,18]. The result for the CaF (Л2П) product channel points to a 
barrierless reaction, which is in agreement with the "harpooning mechanism" 
[25], proposed for this reaction [17,18]. The results for the steric effect could 
not be explained using the ADLC-model. They were tentatively ascribed to a 
reorientation of the CH 3 F molecule during the approach of the Ca atom due 
to anisotropic terms in the long range interactions between the XD state of 
Ca and CH3F. Supposedly, these anisotropic forces would turn the C-F axis 
towards the approaching Ca atom, thus scrambling the initially prepared ori­
entation and subsequently lowering the steric effect. At higher energies there 
would not be enough time for this reorientation to occur and the steric effect 
should increase. 
In paper I [26] we presented an alternative mechanism which does not rely on 
reorientation, which we called the "trapping model". The key to understanding 
this model and the reaction under scrutiny lies in the fundamental difference 
between the Euler angle /3, which describes the orientation of the molecular 
symmetry axis, and the angle-of-attack /Зд. The probability distribution of 
the angle β is prepared experimentally by selecting the rotational state of the 
molecule and is dependent on the rotational quantum numbers J, K, and M 
[27]. However, even in the case of a vanishing interaction potential, the angle 
β a will differ from β for purely geometrical reasons, if the impact parameter is 
nonzero. The presence of an attractive potential may considerably enlarge this 
difference. 
In paper I we placed the barrier to reaction at the harpooning radius (Rf) 
and assumed that it was zero between /Зд = 0° and /Зд = ßc, thus obtaining 
agreement with the notions of a harpooning mechanism and a barrierless re-
action. For an attractive isotropic potential we showed that at low energies 
atoms with impact parameters b, large relative to R/, are able to "fly around" 
the molecule and hit it at the back, thus washing out the effect of the initial 
orientation and lowering the steric effect. We call this trapping. This happens 
46 Chapter 3: Quasiclassical calculations on Ca(*D) -f CH 3F 
less at higher energies, since high impact parameter atoms will fly past the 
molecule in that case and be nonreactive. Hence, at higher energies the steric 
effect will increase. 
In paper I we only presented results for isotropic model potentials, but we 
described two methods for the computation of the steric effect for anisotropic 
potentials. Both methods assume the existence of an orientation dependent re-
active cross section, which can be used to compute the steric effect and to make 
the correspondence between the classical mechanics in the trajectory calcula-
tions and the quantum mechanics in the experiment. The first method is the 
standard quasiclassical trajectory (QCT) method. Its basic assumption is that 
the reactants are initially in a quantum state, which is allowed to evolve classi-
cally. Thus in this method calculations are performed only for a discrete set of 
M values, which correspond to the quantum mechanical M values. The second 
method was called in paper I the modified quasiclassical trajectory (MQCT) 
method. Its basic assumption is that initially all classically allowed M values 
should be included in the trajectory calculations. It amounts to the calculation 
of an M-dependent reactive cross section, which is transformed to the orien-
tation dependent cross section, from which the steric effect is calculated. We 
will return to this in Sec. IID. 
In the present paper, we describe ab initio calculations and use these to con-
struct a long-range potential, which we will call the "full long-range potential" 
(FLRP). To this FLRP we fit an isotropic model potential (IMP), which we 
use to compute and estimate values for the parameters in the trapping model. 
Those parameters are the strength of the potential, the harpooning radius (Rj), 
and the cut-off angle ßc. We will show that it is possible to fit the experimental 
observations of the energy dependent steric effect with a reasonable choice of 
those parameters. Furthermore, we analyze the effect of the anisotropy in the 
potential by performing trajectory calculations on the FLRP, as well as on two 
anisotropic model potentials (AMPI and AMP2) fitted to the FLRP. These 
model potentials enable us to distinguish the pure reorientation effects from 
other possible effects, caused by the complex topology of the FLRP. 
In Sec. II we outline the theory needed for the computation of the FLRP and 
for the trajectory calculations. We summarize the method for extracting the 
steric information from the trajectory calculations. In Sec. Ill we discuss the 
computational details and the results from the calculation of the FLRP. We also 
discuss the results of the trajectory calculations on the model potentials, as well 
as on the FLRP. Finally, in Sec. IV we summarize our conclusions and suggest 
possible improvements of both the FLRP and the trajectory calculations. 
Theory 47 
II. THEORY 
A. Coordinates and Hamiltonian 
We distinguish three coordinate systems. The first is the center-of-mass (c.o.m.) 
frame of the colliding species. The second coordinate system, called the space-
fixed (SF) system, is parallel to this c.o.m. frame. Its origin is located at the 
center of mass of the molecule. The third frame, called the body-fixed (BF) 
frame, is the inertia! frame of the molecule. 
The Cartesian coordinates of the Ca atom in the SF frame are given by 
a vector χ = (χ,y, ζ). The orientation of the CH3F molecule is given by a 
rotation over α = ( α , β, -y) of the BF frame with respect to the SF frame, where 
the domain of the angles is [0,2π) for α and 7 and [Ο,π] for β. a denotes the 
Euler angles for this rotation in the (zyz) parametrization. Throughout this 
article we use the active convention for rotations [28-30]. 
If we assume that no external force is present in the experiment, the total 
momentum of the complex will be a constant of the motion. It is zero in the 
c.o.m. frame [31,32]. Note that this relies on the assumption that the harp 
field, used in the experiment [14,17], is homogeneous. The interaction potential 
will be expressed in the spherical polar coordinates А=(Я,/9д,7д) of the Ca 
atom in the BF frame of the CH3F molecule. Note that R depends on the 
SF-coordinates χ and a. 
Our trajectory calculations are made in the Hamiltonian formalism of clas­





) = Htt(px) + Hrot{a,pa) + [Л(х,а)], (1) 
where HtT(px) denotes the translations! part of the Hamiltonian, which is given 
by 
Htr(px) = Ц ^ . (2) 




,py,pz) denotes the linear momentum of the Ca atom 
in the SF frame and μ is the reduced mass of the colliding system. HTOt(a,pa) 
in Eq. (1) denotes the rotational part of the Hamiltonian and is given by 
Я
Г0І(а,Ра) = ^ ( P a " s i y S / 3 ) 2 + M + С$, (3) 
where p
a
 = (ρα,Ρβ,Ρ-y) denotes the momentum conjugate to the Euler angles; 
A and С are the rotational constants of the prolate symmetric top molecule 
CH3F. 
48 Chapter 3: Quasiclassical calculations on C a ( 1 D ) + C H 3 F 
B. Reaction model 
To describe the reaction between the Ca atom and the CH3F molecule we use 
the modified ADLC model, introduced in paper I. This means that we assume 
that the barrier to reaction is zero between /Зд = 0° and a certain cut-off angle 
ßn = ßc- Between /Зд = ßc and /?д = 180° the barrier is infinitely high. This 
results in the reaction probability 
WWR)-\0; ßc<ßR<* • W 
This modified ADLC model is consistent with the harpooning model [25], pro-
posed for this reaction [17,18]. In the harpooning model the reaction is initiated 
by an electron jump at a certain harpooning radius (Rf) which is thought to 
correspond to the crossing of an ionic and a covalent potential energy surface. 
The harpooning radius is an unknown quantity for this reaction. Therefore, 
we will choose two harpooning radii in this article, for two reasons. Firstly, we 
want to investigate the influence of the harpooning radius on the steric effect. 
Secondly, the ionic and covalent potential energy surfaces of importance to 
this reaction show two avoided crossings at which an electron jump can occur. 
The outer avoided crossing corresponds to a crossing of the covalent Ca(1P) 
+ CH3F surface with the ionic Ca+(25) + CH3F - surface. The inner avoided 
crossing is the crossing of the covalent Ca(1I>) + CH3F surface with the ionic 
Ca+(2D) + CH3F - surface. We take the outer harpooning radius at 8.5 bohr, 
which is comparable to the value of 4.8 Â(= 9.07 bohr), suggested by Janssen 
et al. [18,33]. For the calculation of the inner harpooning radius we used the 
model of Ref. [24]. The outer harpooning radius of 8.5 bohr corresponds within 
this model to an electron affinity of 0.2 eV for CH3F. This electron affinity 
would lead to an inner harpooning radius of 5.6 bohr. However, a recent article 
by Brooks et al. [34] suggested a value for the electron affinity of CH3F of 0.75 
eV, which would result in an inner harpooning radius of 6.24 bohr. In view of 
these estimates we decided to take a value of 6.0 bohr for the inner harpoon-
ing radius. Most calculations were done with this harpooning radius, since it 
is at the inner avoided crossing that the reaction to the electronically excited 
products presumably occurs (see Refs. [17,25,35]). 
Note, incidentally, that the ADLC model has no elements, which can help 
us to determine which of the reaction products (CaF (Χ 2 Σ), CaF (Л2П), CaF 
( β 2 Σ ) , or CaF (A12A)) is formed at a certain angle of attack on a certain 
potential energy surface (PES). In the experiment by Janssen et al. [17] this 
branching ratio was not measured. Thus, throughout this article we assume 
that the branching ratio for this reaction is energy independent, so that we can 
use the ADLC-model in order to get a measure for the steric effect. Further-
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more, we assume that the reacting species proceed to the harpooning radius 
on the adiabatic PESs, i.e., no surface hops are included in our model. 
C. The full long-range potential 
We have developed a long-range potential (FLRP), using first-order degener­
ate perturbation theory and a multipole expansion of the interaction operator 
[36,37]. This results in five asymptotically degenerate potential energy sur­
faces, because of the fivefold degeneracy of the 1D state of the Ca atom. All 
five surfaces are used in the scattering calculations. 
The first-order contribution to the interaction potential, the electrostatic 
part, is the interaction between the permanent multipoles of the monomers. 
Although an isolated atom cannot have a permanent multipole moment, the 
presence of an electric field from CH3F will split the lD state of Ca into a 
number of substates, each having a "permanent" quadrupole moment. Because 
this effect already occurs in first-order perturbation theory, even the presence 
of a weak field will result in a considerable splitting. 
We do not include the second-order contributions of induction and disper­
sion in the FLRP. To compute those terms one must compute the (frequency 
dependent) polarizabilities, which correspond to the degenerate lD state of Ca. 
This is still an unresolved problem. 
In first-order degenerate perturbation theory one diagonalizes the interaction 
matrix. The elements of this matrix are defined as [36,37], 
νμμ, (Я) = ( 0С Н з Г(А, /í)Ca I Vint(R) I 0CH3F(À, /i')Ca ) . (5) 
Неге 0 C H a F denotes the unperturbed ground state of the CH3F molecule; λ and 
μ (or μ') denote the orbital angular momentum quantum number and magnetic 
quantum number of the substates of Ca. For the lD state of Ca, λ = 2 and μ 
or μ' run from —2 to 2. Finally, Vtnt(R) denotes the electrostatic interaction 
operator. 
Using the multipole expansion for Vint(R) and the fact that the expectation 
values of the multipole operators for the XD substates of Ca are related through 
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Неге, α labels the molecule and b the atom. (λ| | ί?' ι | |λ) is the reduced matrix 
element of a 2,b-pole operator for the lD state according to the Wigner-Eckart 
theorem. It is defined from the тпъ component of a 2 l' pole on Ca as 
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Ь )_т а_т ь(/Зл,7д) denotes a spherical harmonic function in the Racah 
normalization and the phase convention of Condon and Shortley. The symbols 
I ' ' J denote Z-jm symbols. Last, (Q'n
a
 ) is the m
a
 component of a 2'° pole 
on CH3F. The adiabatic potential energy surfaces are obtained by diagonalizing 
the interaction matrix for each value of R. In order to obtain the gradient of the 
PES with respect to the components of R, we employ the Hellmann-Feynman 
theorem, which implies 
^
1
 = Σ < * <0CH3F(A,M)Ca| ^ І ^ |0 с н ^(Л,^) С а > V*. (8) 
in which Vi is the feth eigenvalue of the interaction matrix and ομΐι denotes the 
ßth component of its kth eigenvector. 
From the FLRP we develop model potentials to be able to investigate the 
role of reorientation during the approach of the reagents. Inspection of Eq. (6) 
shows that at /Зд = 0 and at /?д = π the contributions from the different 
2,a poles of CH3F to the FLRP decouple and the interaction matrix becomes 
diagonal. We remind the reader that we are dealing with an adiabatic PES, 
obtained by taking the lowest eigenvalue of the interaction matrix [Eqs. (5) 
and (6)]. Inspection of this PES in these points shows that the leading (dipole-
quadrupole) term in the expansion, which has an R~4 dependence, has the 
same coefficient in both points. The coefficient for the second (quadrupole-
quadrupole) term in the expansion, which has an R~5 dependence, switches 
sign when going from /?д = 0 to PR = π. Therefore, we approximate the FLRP 
by model potentials of the following form 
(Я,А,) = § + £ ^ , (9) 
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FIG. 1. Quantum mechanical (dashed line) and Classical PDFs (solid line) for the 
cosine of the Euler angle β for the {JKM) = (1,1,1) rotational state. 
D. Dynamics 
1. Preparation and Propagation 
The phase space in our calculations is 12 dimensional and consists of the co­




, as defined in 
Sec. IIA. All trajectories start in the SF xz plane at | | x | | = 30 bohr with the 
χ coordinate equal to the impact parameter. The impact parameters (i>) are 
distributed uniformly in b2 [32,38] between 0 and b
max
=15 bohr (which is suf­
ficiently large not to miss any reactive trajectory). p
x
 is initially parallel to 
the z-axis and pz is determined by the translational energy (E), which is taken 
from the experiment. 
The Euler angles a and 7 are uniformly distributed between 0 and 2π. For 
β we take the classical probability density function (PDF) given by Eq. (52) 
in paper I. (This function is well known and can be derived from geometrical 
arguments [27] and from classical mechanics [26]). We cannot start from the 
quantum mechanical PDF in classical calculations, since it is not a stationary 
distribution even in the absence of an interaction potential. Furthermore, the 
quantum mechanical PDF contains areas, which are classically forbidden. The 
quantum mechanical and classical PDFs are plotted in Fig. 1. Note that these 
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are strongly different. 
The classical PDF depends on j , к and m, which are the classical analogs of 
the rotational quantum numbers J, K, and M, for which we make the usual 
quasi-classical assumptions 
j = h^J(J + l), (10a) 
jzSF =p
a
 = m = hM, (10b) 
BF 
= p 7 = к = ПК, (Юс) 
in which j , j z S F ,and j z B F are the length of the classical rotational angular 
momentum, its projection on the SF z-axis and its projection on the BF z-
axis, respectively. It can be shown that p
a
 and p-, are equal to j 2 S F and j z B F , 
respectively [39-41]. Note that Eq. (10b) no longer holds when m is allowed 
to take all classically allowed values (in the MQCT method, see Sec. IID 2). 
With all initial values specified we propagate the trajectories using the classical 
equations of motion 
дн . дн . 
dp- = q i ; % = - p i ' ( 1 1 ) 
in which <fc is a general coordinate and pi its conjugate momentum. 
A numerical problem arises because of the singularities in Eq. (3) at /3=0 or 
π. Following Kroes et al. [42], we solve this problem by switching back and 
forth between the {zyz) parametrization (with singularities at /?=0 and π) and 
the (xyz) parametrization, which has singularities at β'=±π. The Hamiltonian 
in the (xyz) parametrization is 
H
r o t ( a ' , P a > ) = A ( P ° ' ~ c y n / ? ' ) 2 + AP^, + C p * „ (12) 
in which a ' = (α',β',η') and ρ
α
· = (ρα',Ρβ',Ργ) are the transformed Euler 
angles and their conjugate momenta, respectively. As was shown by Kroes et 
al. [42] this solves the numerical problems, since the rotational Hamiltonian 
cannot be singular in both sin/3 and cos/3' at the same time, because this 
would require the SF ζ axis and the SF χ axis to be both parallel to the BF 
ζ axis. Note, incidentally, that Kroes et al. use the (zxz) parametrization for 
the Euler angles and the passive convention for rotations, instead of the (zyz) 
parametrization and the active convention for the Euler angles used throughout 
this article. 
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After propagation of a number of trajectories we compute the total reactive 
cross section, which is the ratio of the number of reactive trajectories, as de­
termined by the ADLC model described in Sec. IIB, and the total number of 
trajectories, multiplied by the maximum total reactive cross section possible 
2. Analysis 
We wish to compare the results of our classical trajectory calculations with the 
experimental data. Thus since the experiment starts from prepared quantum 
states (JKM), we have to use the correspondence principle. For this purpose, 
we defined an orientation dependent reactive cross section aJK{p, E) in paper I. 
In this section we will first give σ3Κ(ρ, E) in a quantum mechanical framework. 
Then, we present the corresponding classical expressions, which can be obtained 
in two different ways. The first method corresponds to the standard QCT 
method. In this method calculations are only performed for a discrete set of m 
values, corresponding to the quantum mechanical M values through Eq. (10b). 
The second method is called the modified quasiclassical trajectory (MQCT) 
method. In this method all classically allowed m values between —j and j 
are used. This results in a m-dependent reactive cross section which can be 
transformed into the orientation dependent cross section, which is subsequently 
used to calculate the steric effect. 
Following paper I, we define this orientation dependent reactive cross section 
in a quantum mechanical framework implicitly as 
a
JKM{E)= Í aJK(p,E)VJKM(p)dp (13) 
in which aJKM{E) is the total reactive scattering cross section for a molecule 
in the initial state {JKM) and VJKM(p) is the quantum mechanical PDF for 
ρ = cos β for a rotational state with quantum numbers J, K, and M. The latter 
is known analytically as a finite sum over unnormalized Legendre polynomials 
[27] 
VJKM(p) = JTcf™Pl(p). (14) 
1=0 
The orientation dependent reactive cross section is defined by Eq. (13), together 
with the requirement that aJK (p, E) is expanded in a finite sum of Legendre 
polynomials, 
a
JK(p,E) = y£afK(E)Pl(p). (15) 
/=o 
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Substituting Eqs. (14) and (15) into Eq. (13), we obtain a set of 2 J+ί equations 
for the Legendre moments afK(E) 
*
JKM(E) = ΣσίΚ(Ε)οίΚΜ-^-. (16) 
For reasons of convenience we replace the equation for M=0 by the equation 
for unoriented molecules. In that case the PDF equals 
pJK{p)
 = 27TT ¿ *""ΊΡ) = \- < 1 7 ) 
Thus the total reactive cross section for unoriented molecules equals 
a
JK
 (E) = f_ aJK{p, E)VJK{p) dp, (18) 
= \ f cJK(p,E)dp = a¿K(E), (19) 
which shows that the reactive cross section for the unoriented molecules is 
equal to the zeroth Legendre moment of the orientation dependent reactive 
cross section. 
If we were to use the quantum mechanical PDFs VJKM{p), we could derive 
familiar expressions for the Legendre moments for J = К = 1 [15,18] 
σ£>1\Ε) = σ^{Ε), (20) 
g ( M ) ( £ ; ) _ g ( i , i , i ) ( E ) - g ( U , - i ) ( ^ ) 




 — 2 
, ( і . і ) (E) σ(ΐ-ΐ)(Ε) 
in which σ[1Λ)(Ε)/σ^Λ){Ε) is called the steric effect and a{¿'l\E)la{¿'l){E) 
the alignment effect for the ( JÄ")=(1,1) states. 
The above holds for the calculation of the orientation dependent cross sec-
tion on an arbitrary potential, using a quantum mechanical description of the 
symmetric top. The classical orientation dependent cross section W]k(p,E) is 
then defined by analogy to Eq. (13) as 
&km(E) = J_ ^k(p,E)PJkm(p)dp, (23) 
where aikm{E), aik{p,E), and V3 m(p) are the classical counterparts of 
a
JKM{E), aJK{p,E) and VJKM(p), respectively. 
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As was shown in paper I, there are two ways to proceed. The first is 
to make the standard QCT assumption that the reactants are initially in 
quantum states. This means that the only m values allowed are those cor­
responding to the quantum mechanical M values through Eq. (10b). This 
implies that the assumption is made that the classical total reactive cross sec­
tions ajkm(E) are good approximations to the quantum mechanical total reac­
tive cross sections aJKM(E). This approach leads to the following equations 
for σ\ι'1)(Ε)/σ{οΛ)(Ε) [With the notation σ[ΙΛ)(Ε) we mean Цк{Е), where 





Λ\Ε) _ gO.M>(JS)-g<M.-i)(iS) 
¿ i . i ) ( J 5 ) - *1.1>(Я) {¿0) 
=(1.1) 
ή
1Λ)(Ε) ^ = 8 σ^\Ε) (26) 
This approach will be referred to as the QCT approach. 
An alternative way to proceed from Eq. (23) is to use all classically allowed m 
values. This means, that the assumption is made that all values of m between 
—j and j are possible. The total reactive cross section can consequently be 
conceived as a function of m, which can be expanded in a series of Legendre 
polynomials, which themselves are functions of the reduced variable m/j, as 
**"(£) = Е г?*(В Д("). ( 2 7 ) 
Thus using Eqs. (27) and (23) and the classical analogue of Eq. (15), the 
coefficients c¡ (E) are found to be 
.^ (£) = ¿^««) (28a) 
/<=o ¿ J-iJ-i 3 
xPl(^)Vlkm{p)Pv{p). (28b) 
This equation can be simplified as follows 
г ? * ( Я ) = 5 ? * ( В Д ( у ) . (29) 
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This is a direct relation between the Legendre moments of the m-dependent 
reactive cross section and the Legendre moments of the orientation dependent 
reactive cross section (see paper I). 
The Legendre moments of the m-dependent reactive scattering cross section 
are obtained from a calculation with a finite number of trajectories. Thus, 
we approximate the numerator of Eq. (28a) by its Monte Carlo equivalent. In 
general the Monte Carlo equivalent of an integral over a function ƒ (i) is given 
by 
Nt ƒ • / ( x ) & = ( î L _ £ i ) £ / ( x , ) f (30) 
where Nt is the number of points in the integration. 







 (E) = 2π f " " p>km (b)b db (31) 
Jo 
Jo 
where p>km{b) is the usual opacity function [24], which can be conceived as the 
reaction probability as a function of the impact parameter, and у is defined as 
b2. Then, we combine Eqs. (28a), (30), and (32) to get the following expression 
for the Legendre moments of the m-dependent reactive scattering cross section 
. , . , 2 Nr(E) 
where the summation is carried out over the reactive trajectories only. The 
factor (2Z+l)/2 is a result of the integration in the denominator of Eq. (28a). 
This approach will be called the modified quasiclassical trajectory (MQCT) 
approach. 
One of the differences between the QCT and the MQCT methods is that, 
because the MQCT method uses all m values between —j and j , it works effec­
tively with a "beam" of randomly oriented molecules, which can be expected to 
probe the potential more realistically than the strongly peaked y (ρ) used 
in the QCT method. 
III. RESULTS AND DISCUSSION 
A. The full long-range potential 
For our potential we need the permanent multipole moments of the CH3F 
molecule. For the Ca atom we need the expectation values of the quadrupole 
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operator over the five substates of the XD state. However, if we use the Wigner-
Eckart theorem, the expectation value of one component of the quadrupole 
operator over one 4 ) substate will suffice. 
We calculated the permanent multipole moments for the CH3F molecule 
at the self-consistent field (SCF) level as well as at the MP2 level, using the 
ATMOL program package [43]. The geometry of the CH3F molecule used in 
our calculations, together with the masses of the atoms is given in Table 1. Note 
that the origin for this calculation lies at the center of mass of the molecule. 
The principal moments of inertia are 127 585, 127 585 and 21 242 a.u. Data 
regarding bond lengths and bond angles was taken from Refs. [44] and [45]. 
The basis set for fluorine in the CH3F molecule consists of a (16s, llp)/[8s, 6p] 
basis set of contracted Gaussian-type Orbitals (CGTOs) due to Partridge 
[46,47], augmented by a diffuse s function (a
a
 = 0.088 607), a diffuse ρ function 
(ap = 0.053 605) and three d functions (ad = 1.0, 0.369 and 0.136 163 46). 
The basis set for the carbon atom consists of a (16s, llp)/[8s, 6p] basis set due 
to Partridge [46,47], extended by a diffuse s function (a
s
 = 0.038), a diffuse ρ 
function (ap = 0.026) and three d functions (ad = 0.7, 0.22 and 0.069) [48]. 
Last, the basis set for the hydrogen atoms consists of a (6s)/[4s] basis set from 
Ref. [49], augmented by a diffuse s function (a
s
 = 0.0313) [48] and three ρ 
functions (a p = 0.5, 0.194 164 6 and 0.075 399 8). 
The results for the multipole moments of the CH 3 F molecule up to the oc-
tupole moment are given in Table 2. Comparing our results for the dipole 
moment and the quadrupole moment with the available experimental data, we 
conclude that we have reasonable agreement with experiment for both proper­
ties. In the case of the quadrupole moment we even agree within the exper­
imental accuracy. Comparing with another calculation of the dipole moment 
and the quadrupole moment [51] there is a good agreement at the SCF level, 
although the older calculations were done in a smaller basis (71 atomic orbitale 
vs. 132 atomic orbitals). For the octupole moment no experimental data nor 
other computational data were available. 
For the Ca atom, the calculations become less trivial, because there are low 
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TABLE 2. Permanent multipole moments for the CH3F molecule in atomic units. 
Ц m
a
 SCF MP2 Total Literature 
-0.8038 0.1054 -0.6984 0.731 199 ± 0.000 029 
-0.8058 b 
-0.3924 0.0243 -0.3681 -1.04 ± 0.8 c 
-0.3 ± 0.7 d 
-0.373 ь 
1.5105 0.5850 2.0955 
3.1920 0.0197 3.2117 
"See Ref. [50]. Conversion factor: 1 a.u. = 2.541 58 D. 
bResults from SCF-calculation. See Ref. [51]. 
cSee Ref. [52]. 
dSee Ref. [53]. 
lying perturber states, which mix strongly with the (3d4s)1D state [54,55]. 
Because of the fivefold degeneracy of the * D state, a multiconfiguration SCF 
(MCSCF) approach, which included a symmetry averaging procedure [56], was 
used to optimize the electronic wave function. To calculate the expectation 
values for one component of the multipole operators over one component of the 
wave function, we used a linear response method. Both the optimization and 
the calculation of the expectation values were done using the SIRIUS program 
package [57]. In all calculations we took the тпь=0 component of the multipole 
operator and the μ = — 2 component of the wave function. 
The basis set used in the calculations on the Ca atom consists of a 
(14s,9p)/[10s,5p] basis set due to Wachters [58]. It was extended by adding 
a diffuse s function (a
s
 = 0.01) [59] and four ρ functions from Refs. [58] and 
[59]. From Ref. [47], page 115, nine d functions were added. Furthermore, 
four diffuse d functions (ad =0.033 484, 0.014 439, 0.006 226 and 0.002 685) 
were used, whose exponents were optimized with respect to the energy at the 
complete active space SCF (CASSCF) level with an active space consisting of 
the five 3d orbitals, containing only one electron. We also did calculations with 
an extended basis set, which included 2 /-functions (a/ = 1.4 and 0.3) [59]. 
We expected to find a large dependence of the wave function and of the 
properties of the Ca atom on the level of electron correlation, because of the 
large polarizability of the Ca atom and the low-lying perturber states for the 
(4s3d)1£> state [54,55]. Indeed, we found that the expectation value of the Q% 
operator for the μ = —2 substate varied between 2.7 and 5.4 a.u. at different 
levels of electron correlation. 
In Table 3 we show the results for a number of characteristic calculations 
including those that we used in our potential. In all our calculations the Is, 
2s, and 2p orbitals remain doubly occupied. However, those orbitals were 
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* Active Spaces 
1) //4s,3d//c 
2) //As, 3d, Ар// 
3) //As,5s,3d,Ad,Ap,5p// 
4) /3s, 3p{6,8}/4s, 5s, Ap, 3d, Ad/bd, 5p, Af {0,2}/d 
5) /3a, 3p{6,8}/4s, 4p, 3d/5s, 6s, 7s, 5p, 6p, 7p, Ad, 5d, 6<f, Af {0, 2}/d 'e 
bData not available. 
cROHF-calculation. 
dCalculation with extended basis set. 
'Used in LRR 
optimized during the calculation. The configurations, used in the MCSCF 
calculations, are denoted as follows: / Restricted Active Space # 1 (RASI) 
{minimum number of electrons, maximum number of electrons} / RAS2 / 
RAS3 {minimum number of electrons, maximum number of electrons} /. The 
total number of active electrons in all calculations was 10. In case there is 
only a RAS2 specified, the calculation was a CASSCF calculation with only 
two electrons in the active space. The following results are given in Table 3. 
Firstly, the energy of the lD state in hartree, denoted by E^D). Secondly, the 
energy gap between the X D state and the * S ground state in hartree, denoted by 
ΔΕ(ιϋ -1S). Third, the expectation value of the Ql operator for the μ = - 2 
substate in atomic units. Fourth, the number of Configuration State Functions 
in the calculation of the lD state, denoted by #CSF. Lastly, the number of 
orbital rotations in the calculation of the lD state, denoted by #orb. Looking 
at the energy gap between the λΌ state and the lS ground state, we see, that 
in our most extensive calculation it deviates with respect to the experiment by 
0.010 837 hartree, which is about 10%. We think that the reason for this lies 
in an insufficient description of the correlation of the core-electrons of the Ca 
atom in the calculation of the XD state, which is very important in this case 
[61]. This could be improved by including excitations from the 2s,2p shell in 
the MCSCF calculation. However, this leads to such an increase in the number 
of CSFs, that it is not feasible at the moment. 
The best value we find for (QQ) is 3.77 a.u. No experimental results are 
available for the value of (QQ) to compare our results with. In a recent study, 








FIG. 2. Cut through PESs of the FLRP at Я=6 0 bohr and 7я=30°. 
Sundholm et al. calculated a value for (Qo) 0I" 4.164 a.u. (4.267 including some 
relativistic effects) [62]. This result was obtained from a series of numeri­
cal multi-configuration Hartree-Fock (N-MCHF) calculations, in which only a 
few outer orbitals were optimized. The inner orbitals up to the 4p orbitale 
were always kept frozen at a level of electron correlation comparable to our 
//4s,5s,3d,4d,4p,5p// calculation. When we compare our calculations with 
those of Sundholm et ai, there seems to be reasonable agreement. If anything, 
we expect to find a lower value for (QQ), if we improve on our calculations by 
adding more configurations, thus making the agreement between our results 
and the results of Sundholm et al. worse. This conclusion can be drawn in 
view of the calculations of Sundholm et al, because the configuration space of 
our best calculation is equal to their T3#4 calculation, for which they found 
a value of 5.112 for (Ql) [62]. The difference between their T3#4 calculation 
and ours is that we optimized all orbitals with respect to the energy. Adding 
more configurations, which can be viewed as a correction for the nonoptimized 
orbitals, made the value for (Qo) 6° down in their case. 
Using the values for the multipole moments of the CH3F molecule from 
Table 2 and the value for the quadrupole moment of the μ = — 2 substate of 
the Ca atom of 3.77 a.u. we constructed the FLRP. A representative cut through 
the five surfaces of the FLRP at Jt=(6.0, cos/Зд, 30°) is given in Fig. 2. 
From the FLRP we derive three model potentials according to Eq. (9). For 
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TABLE 4. Experimental values of σ(0
ιΛ)
 and σ}1 , ι ) (Ε)/σ£Λ) (E) at different energies 
Et, (eV) σ£·ι\Ε) 
0.068a 4.41 0.174 
0.119 2.67 0.252 
0.182 1.281 0.324 
0.286ь 1.000 0.414 
0.358 0.556 0.491 
0.451 0.387 0.592 
aValues extrapolated from fit to experimental data [18]. 
bReference point. 
the isotropic model potential (IMP) we take Co = —8.25387 a.u. and C\ = 0. 
For the purely anisotropic model potential # 1 (AMPI) we take Co = 0 and 
C\ — —8.32319 a.u. The coefficients Co and C\ for the anisotropic model 
potential # 2 (AMP2), are -8.25387 and -8.32319 a.u. 
B. Dynamics 
A Fortran computer program was written to perform the classical trajectory 
calculations. The initial conditions were generated with the use of the random 
number generator "G05CAF" from the NAG library [63]. The propagation 
of the trajectories was performed using a variable order, variable step Adams 
integrator from the NAG library [63] (subroutine "D02CJF"). 
We performed calculations for a number of relative translational ener­
gies. They were chosen to coincide with energies used in the experiment by 
Janssen et al. [18]. The experimental values for the properties σ^ ' (E) and 
σ[ '1'(E)/a¿'1'(E) are given in Table 4. Per energy and per potential surface 
our calculation consisted of a batch of 100 000 trajectories. The threefold sym-
metry of the CH3F molecule was exploited in our calculations. We used an 
IBM RS6000/370 workstation. The calculation of 100 000 trajectories on one 
PES took approximately 3 h, of which the calculation of the potential and its 
derivatives formed the major part. 
In this section we will present the results of the trajectory calculations for the 
different potentials used. Unless stated otherwise we use a harpooning radius of 
6.0 bohr. For the calculations on the model potentials we only give the results 
obtained by the MQCT approach since the quasiclassical approach turns out 
to give practically the same answers. For the calculations on the FLRP we use 
both the MQCT approach and the QCT approach since the answers appear 
to be quite different in that case. We use three values for ßc to determine the 
influence of the cutoff angle on the steric effect and on its energy dependence. 
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Energy (eV) 
FIG. 3. The energy dependence of the total reactive scattering cross section 
σ$Λ)(Ε) for the models 60, 90, and 120 for the IMP model potential. (N.B. The 
three curves coincide.) Also, the experimental data and a fit to the experimental 
data are plotted. (N.B. Only relative cross sections are given.) 
The angles we used are 60°, 90° and 120°, which will be called "model 60", 
"model 90" and "model 120" calculations, respectively. First we will discuss 
the calculations on the three model potentials, defined through Eq. (9) and the 
parameters Co and C\ given in the last paragraph of Sec. Ill A. Finally, the 
FLRP will be discussed. 
1. Isotropic model potential (IMP) 
The model potential IMP is an isotropic potential. This implies that the rela­
tive motion of the center of mass of the reactants and the rotation of the CH3F 
molecule are decoupled. Reorientation is not possible when using this potential 
and the PDFs for the variables associated with the rotation of the molecule will 
remain stationary during the approach of the atom. 
The results for the total reactive cross section for unoriented molecules 
σ 0 ' '(E) for the three ADLC models used with this potential are given in 
Fig. 3, where all values are normalized to σ0
χ
' '(E) at E=0.2&6 eV, as was 
done in the experimental paper by Janssen et al. [18], who give only relative 
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FIG. 4. The energy dependence of the steric effect σ[1Λ) [Ε)/σ^Λ) (E) for the models 
60, 90, and 120 for the IMP model potential. Also, the experimental data and a fit 
to the experimental data are plotted. 
[18] in which they corrected for the velocity distribution of the Ca beam, is 
shown also. The results for Щ ' '(Е)/щ ' '(E) for these models are given in 
Fig. 4. In this figure also a fit to the experimental data as presented by Janssen 
et al. [18] is plotted. 
When looking at the results for ÖQ ' (E), it is immediately clear that the 
slope of the experimental line is much higher than that of the calculated lines. 
If we look at the ratio between σ^Λ){Ε) at 0.068 eV and σ§Λ\Ε) at 0.451 eV, 
the experimental ratio is 11.4, whereas the model calculations give a ratio of 2.3. 
This behavior was expected, however. For an attractive isotropic potential with 
an R - 4 dependence in a calculation without any barrier to reaction, the cross 
section will be proportional to E 1 / 2 [24,26]. This will lead to a ratio between 
σ£Μ )(.Ε) at 0.068 eV and σ ^ 1 , 1 ^ ) at 0.451 eV of 2.6. To obtain the same 
energy dependence of щ' (E) as in the experiment one would need to use an 
R~2I3 potential, which is unrealistic for the interaction between a neutral atom 
and a neutral molecule. Hence, we must conclude that some elements necessary 
to reproduce the experimental results for ff¿ ' '(E) are still missing from our 
calculations. Most likely these elements are of quantum mechanical nature. Of 
course the above arguments apply for all our model potentials. Thus we will 
restrict the discussion of ÖQ ' (E) to this paragraph and only return to it in 
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FIG. 5. The distribution of cos Θ/ at E = 0.068 eV and at E = 0.451 eV for the 
model potential IMP 
Sec. HIB4, where we discuss the calculations on the FLRP. 
Looking at the curves for σ[ ' '(Е)/щ (E) we see that the experimental 
curve for the steric effect for this reaction as a function of E can be reproduced. 
The model parameter ßc would have to be approximately 110°. With this 
potential, the reduced energy Ё, as defined in paper I, ranges from 0.392 to 
2.602. 
To clarify the origin of the positive energy dependence of the steric effect, we 
plot the distribution of cos Θ/, the cosine of the SF angle at which the Ca atom 
hits the sphere at which harpooning takes place (the "sphere of harpooning"). 
The distributions of cos θ ƒ for an average relative translational energy of 0.068 
and 0.451 eV are shown in Fig. 5. From this figure it is clear that for £=0.068 
eV a number of trajectories will hit the back of the sphere of harpooning. This 
leads to a lowering of the steric effect. The trajectories which hit the back of 
the sphere are those with a large impact parameter. Those trajectories will not 
be reactive at higher values of E. Therefore, the curve of the distribution of 
cos Θ/ will not extend far beyond cos /=0 for E of 0.451 eV, as can be seen 
in Fig. 5. This effect we call "trapping". 
Regarding σ\ ' (Ε)/σ0 ' {E), we can say that the number of trajectories is 
too low to get an accurate result. However, σ\ ' '(E)/aQ ' '(E) scatters around 
zero for all cutoff angles and energies and is in the order of magnitude of —0.2. 
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FIG. β. The energy dependence of the steric effect σγΛ) (Ε)/σ(01Λ) (E) for the models 
60, 90, and 120 for the AMPI model potential Also, the experimental data and a fit 
to the experimental data are plotted 
This compares reasonably well with experiment taking into account the noisy 
character of both the theoretical and the experimental data. 
The results for different model potentials are comparable. Therefore, we will 
resume the discussion of Щ ' (E)/a\¡ ' '(E) in Sec. Ill В 4, where we discuss 
the calculations on the FLRP. 
2 Anisotropic model potential (AMPI) 
This model potential is antisymmetric in cos /Зд. Furthermore, it has an R - 5 
dependence instead of an R - 4 dependence. It allows reorientation. A conse­
quence of this is that the motion of the center of mass of the reacting system 
and the rotation of the molecule are no longer decoupled, thus their equations of 
motion have to be solved simultaneously. The PDFs of the variables associated 
with the rotation of the molecule are no longer stationary. 
The results for σ{' '(Е)/Щ (E) together with the fit to the experimen­
tal data are shown in Fig. 6. With regard to the results for 5Q ' '(E) and 
σ^
Α)(Ε)/σ{ο'1)(Ε) we refer to Sec. HIB 1. 
The results for σ[ ' '(Е)/ас ' '(E) show that in the model 60 case the energy 
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FIG. 7. The energy dependence of the steric effect σγ'1)(Ε)/σ(οΛ)(Ε) for model 90 
for the IMP and AMP2 potentials. 
dependence. However, the magnitude of the steric effect is much too high. 
Increasing the cutoff angle to 90 or 120 degrees lowers the steric effect, but at 
the same time weakens the energy dependence. 
As it turns out, it is only possible with this potential to model either the 
energy dependence of the steric effect or the magnitude of the steric effect. 
So, it is not possible to reproduce the experimental results with this potential. 
This suggests that reorientation cannot primarily be responsible for the results 
found by Janssen et al. [18]. 
3. Anisotropic model potential (AMPB) 
This model potential is the sum of the purely isotropic model potential IMP 
and the purely anisotropic model potential AMPI. We use this potential to 
study the combined effect of trapping and reorientation on the steric effect. 
The results for σ^'1)(Ε)/σ(ο'1)(Ε) for the IMP and AMP2 potentials are 
given in Fig. 7. From this figure, the conclusion can be drawn that reorientation 
indeed lowers the steric effect, but only slightly. When looking at Щ (E) and 
σ[' (E) separately (see Figs. 8 and 9, respectively), it becomes clear that the 
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FIG. 8. The energy dependence of σ£Λ)(Ε) for model 90 for the IMP and AMP2 
model potentials. 
[note that σ^ ' (E) and σγ' '(E) in Figs. 8 and 9 are unnormalized]. Thus 
the AMP2 potential gives a better result for σ(0 * (E) than the IMP potential. 
The reason why σ\ ' '(E) does not change when going from the IMP to the 
AMP2 potential becomes clear when comparing the distributions in cos/Зд, 
both for favorable and unfavorable orientation of the reactants (see Fig. 10). A 
favorable orientation means that the molecule is in the classical equivalent of the 
(JKM) = (1,1,1) state, an unfavorable orientation means that the molecule 
is in the classical equivalent of the (JKM) = (1,1,-1) state. Figure 10 shows 
that reorientation increases the cross section for both favorable and unfavorable 
orientations of the reactants. Thus the net effect of reorientation on Щ' ' (E) is 
small whereas it increases cr\¡ ' (E). In fact, when we increase the anisotropy 
of the potential the steric effect goes slightly up, instead of down, although 
WQ X '(E) increases significantly. 
The results for the model 60 and model 120 calculations are similar. 
4- The full long-range potential (FLRP) 
The full long-range potential (FLRP) is defined in Sec. IIC. It consists of 
five surfaces, which are asymptotically degenerate. Hence, in the asymptotic 
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FIG. 10. The distribution of cos ßR at £=0.119 eV for the IMP and AMP2 poten-
tials for unfavorable and favorable approaches of the reactants. 
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FIG. 11. The energy dependence of the total reactive scattering cross section 
Од ' (E) for the models 60, 90, and 120 for the full long-range potential using ap­
proach (II). Also, the experimental data and a fit to the experimental data are plotted. 
region, the trajectories will have to be equally distributed among the five PESs. 
During the approach of the reactants, however, it is possible that some of the 
trajectories drop to a lower surface. Our model does not include such surface 
hops, but we consider two extreme cases: approach (I), where all trajectories 
drop to the lowest surface and approach (II), where no surface hops take place 
at all. 
The MQCT results for щ ' '(E) using approach (II) are shown in Fig. 11. 
The energy dependence of ÖQ ' '(E) for model 90 and model 120 calculations is 
quite weak. In fact, the ratio between Щ' (E) at £7=0.068 eV and £=0.451 
eV is 1.47 for model 90 and 1.28 for model 120. When approach (I) is used 
these ratios are much higher (2.36 and 2.20, respectively). The reason for this 
becomes clear when looking at the forms of the PESs as a function of cos /?д at 
ñ=6.0 bohr and 7д=30° that are shown in Fig. 2. The repulsive PESs 4 and 
5 will only be reactive at higher energies thus lowering the energy dependence 
in approach (II). In approach (I) only the lowest, attractive, PES contributes, 
resulting in a stronger energy dependence. In approach (II) PES 1 contributes 
for approximately 43% to σ^ ' '(E) at 0.068 eV and for approximately 27% at 
0.451 eV. 
The energy dependence for the model 60 calculations is much higher than 
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FIG. 12. The distribution of cos ßn at £=0.068 eV and £=0.451 eV for approaches 
(I) and (II) using the full long-range potential. 
for the model 90 or model 120 calculations for both approaches. In fact, the 
ratio between σ^Α)(Ε) at £=0.068 eV and σ ^ 1 , 1 ^ ) at £=0.451 eV is 3.49 
for approach (I) and 2.35 for approach (II). The reason for this becomes clear 
when looking at the distributions for cos /Зд, resulting from approach (I) and 
approach (II) calculations in Fig. 12. Since, at £J=0.451 eV the distributions 
are practically independent of cos PR, ÖQ ' '(E) will approximately double when 
going from a model 60 to a model 90 calculation and that it will triple when 
going from a model 60 to a model 120 calculation, as might be expected for 
high energies. However, at an energy of 0.068 eV a large number of trajectories 
will end up between PR=0° and /Зд=60° for both approaches. This means, that 
WQ ' ' (E) for a model 60 calculation will be practically the same as for a model 
90 or model 120 calculation, which results in a stronger energy dependence for 
the model 60 calculations for both approaches. 
The results for σ^ ' (Е)ІЩ ' (E) following approach (II) are shown in 
Fig. 13. The results for energies of 0.068 and 0.451 eV following approach 
(I) are given in Table 5. Figure 13, together with Table 5 shows that for all 
models approach (I) leads to a steric effect that is higher and has a much 
weaker energy dependence than for approach (II). The reason for this lies in 
the topology of the PESs in the FLRP. The local maximum near cos/?ß=0 
in the lowest PES (see Fig. 2) prevents trajectories from reorienting towards 
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FIG. 13. The energy dependence of the steric effect σ[1,ι) (Ε)/σ(0ι,ι) (E) for the mod­
els 60, 90, and 120 for the full long-range potential using the MQCT method and 
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FIG. 14. The energy dependence of the steric effect σ[1Λ) {Ε)/σ(0ι,1) {E) for the mod­
els 60, 90, and 120 for the full long-range potential using the QCT approach. Also, 
the experimental data and a fit to the experimental data are plotted. 
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cos /Зд=1, which makes the steric effect large. In the case of approach (II), this 
is compensated at lower energies by the trajectories on PES 2 which does not 
have the maximum, thus resulting in a lower steric effect for the approach (II) 
calculations. 
We now turn to the discussion of the difference between the MQCT and QCT 
methods. We do this for calculations following approach (II). The MQCT and 
QCT results for а^ (Е)/щ ' (E) are shown in Figs. 13 and 14, respectively. 
<?о ' ' (E) is computed in the same way in both methods. There is a large differ­
ence between the MQCT and QCT results for the steric effect. The QCT results 
are much too high compared to the experiment, and in some regions even the 
sign of the energy dependence is wrong. The MQCT results are in much better 
agreement. Since the calculation of σ^ (E) is the same for the MQCT and 
QCT calculations, this implies that σ[ ' '(E) is too large in the QCT method. 
This can be understood from Figs. 1 and 2. In a QCT calculation σ[ (E) 
is calculated from a calculation with m = 1 and a calculation with m = — 1. 
The PDFs of these states have sharp peaks at /3=0° and 90° and at /?=90° 
and 180°, respectively. This means that the PESs are probed very unevenly in 
this calculation in contrast with the quantum mechanical PDF. In the MQCT 
approach a "beam" of randomly oriented molecules is used, thus resulting in a 
better (more like the quantum mechanical) probing of the configuration space 
with respect to /Зд, giving much better results for σ[ ' '(E)/<TQ ' (E). How­
ever, even in the case of a MQCT calculation the steric effect is higher than 
with the model potentials. This is probably due to the maxima in some of the 
PESs (see Fig. 2), which hinder the rotation of the molecule. This difference 
between the MQCT approach and the QCT approach is even more evident 
when looking at the results for the calculation of σ\ ' '(Ε)/σ0 (E). In the 
MQCT case, the values for Щ ' (Ε)/σ\, ' '(E) still scatter around zero and are 
in the order of magnitude of —0.2, just like the experimentally found values 
for σ\ ' '(Е)/ад ' '(E) and the values found for the model potentials. How­
ever, in the QCT case these values become all positive and are in the order of 
magnitude of 10. 
Summarizing it can be said that because of the unrealistic probing of the 
PESs in the QCT approach in comparison with the MQCT approach, the 
steric effect and the alignment effect in the QCT case will be unrealistically 
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FIG. 15. The energy dependence of the steric effect ^ ' ^ ( E ) / ^ 1 · 1 ^ ) at 8.5 bohr 
for the models 60, 90, and 120 for the full long-range potential using the MQCT 
approach. Also, the experimental data and a fit to the experimental data are plotted. 
higher than in the MQCT case. Therefore, it has to be concluded that the 
QCT approach in this case is not very good. 
Of course, it is possible to vary the size of the steric effect by varying the 
harpooning radius. However, if we make the harpooning radius larger the 
steric effect increases, as can be seen from Fig. 15 for a calculation following 
the MQCT approach. Furthermore, this results in a weaker energy dependence 
for the steric effect. Thus in order to reproduce the experimental results, the 
harpooning radius would have to be decreased making it less than 6.0 bohr. 
In that case the harpooning radius lies in a range where the validity of the 
harpooning model becomes highly questionable. Furthermore, our potentials 
are no longer valid since at such short separations exchange and penetration 
effects can no longer be excluded. 
IV. SUMMARY AND CONCLUSIONS 
Molecular and atomic multipole moments have been calculated for the CH3F 
molecule and for the Ca atom, respectively, using ab initio methods. The re­
sults agree quite well with existing experimental and theoretical data, as far 
as these were available. From these multipole moments a long-range potential 
I 
X = Experiment 
Model 60 
Model 90 
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(actually, a set of five adiabatic potentials which are asymptotically degener­
ate) has been constructed by diagonalization of the interaction matrix which 
describes the interaction between the CH3F molecule and the exited fivefold de­
generate Ca,(}D) atom. From this long range potential three model potentials 
were constructed to investigate certain features of the full long-range potential. 
Using these potentials, we investigated, by a classical trajectory method, the 
energy dependence of the total cross section and the magnitude and energy 
dependence of the steric effect for the Ca + CH 3 F (J Κ M=111) -> CaF (2Π) 
+ СНз reaction. For all potentials, we find the observed negative energy de­
pendence of the total cross section Щ ' (E), but considerably weaker than in 
the experiment. A reason for this might be that our classical description for the 
motion of the reactants and of the reaction is not sufficient. In order to obtain 
the correct Щ ' (E), it will probably be necessary to describe elements of this 
reaction quantum mechanically. Another reason for the difference between the­
ory and experiment is that the measured CT¿ ' ' (E) is the reactive cross section 
for only one exit channel, whereas the calculated Щ ' (E) is the reactive cross 
section for all exit channels. The measured value might not be proportional 
to the total reactive cross section, because the branching ratio to the different 
products might be energy dependent. Thus, the measured exit channel might 
exhibit a much stronger energy dependence than the other exit channels. To 
check this hypothesis it is necessary that also the reactive cross sections for 
other exit channels than the CaF (Л2П) channel are measured. 
Although surface hops between the five adiabatic PESs were not explicitly 
included in our model, we looked at two extreme cases: (I) all trajectories drop 
to the lowest surface during the approach of the reactants and (II) no surface 
hops take place at all. Regarding σ^ ' (E), the energy dependence is more 
in agreement with experiment for the calculations following approach (I) than 
for the calculations following approach (II). However, for the steric effect, the 
opposite situation occurs. In view of the results for the steric effect, we favor 
approach (II). 
Regarding the steric effect, σ[ ' '(E)/σ^ ' (E), we get good agreement be­
tween theory and experiment for the IMP and AMP2 model potentials. The 
IMP potential is isotropic and no reorientation is possible for this potential. 
This makes reorientation a less likely explanation for the positive energy de­
pendence of the steric effect. We rather think of trapping as the primary source 
of the positive energy dependence of the steric effect. On the other hand, from 
the results for the FLRP, it becomes clear that the steric effect is quite sensitive 
to the topology of the potential. Maxima in some of the PESs of the FLRP, can 
cause a considerable increase in the steric effect compared to the calculations 
on the model potentials. Therefore, we conclude that although reorientation is 
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not required to explain the energy dependence of the steric effect, it may still 
have some influence. We conclude that the MQCT method is to be preferred 
over the QCT method because the former probes the PESs more realistically. 
From the literature it is known that there are two avoided crossings for this 
system at which harpooning could take place. Our calculations show that in 
order to account for the observed steric effect harpooning has to take place at 
close range (6.0 bohr) rather than at large separation (8.5 bohr). This implies 
that the steric effect for the ground state channel of this reaction will probably 
exhibit a weaker energy dependence than the reaction to the 2 Π excited state 
channel [33]. 
Of course, our FLRP potential is quite crude and does not include any possi­
bly important contributions, such as induction or dispersion. The inclusion of 
these interactions might cause the maximum, which is present in some surfaces 
of the FLRP, to disappear, resulting in a better agreement between theory and 
experiment for this potential. Furthermore, it is only a long range potential, 
which means that no chemical and short range interactions resulting from ex­
change and penetration are included. Thus, more definite conclusions must 
await the calculation of more accurate PESs. 
To obtain a better insight into the mechanism of this reaction, we plan to 
perform more calculations in the near future. These calculations will include a 
quantum mechanical description of the rotating molecule and a better descrip­
tion of the FLRP by the inclusion of induction and dispersion interactions. 
Alternatively, the model could be improved if more experimental data were 
available, in particular the energy dependence of the branching ratio between 
the different exit channels. 
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Abstract 
In a previous article [A J H M Meijer, G С Groenenboom, and A 
van der Avoird, J Chem Phys 101, 7603 (1994)] we investigated the 
energy dependence of the steric effect of the reaction Ca ('i?) + CH3F 
(JKM = 111) -» CaF (A 2 n) + CH3 using a quasiclassical trajectory 
method It was found that we could not reproduce the experimen­
tal results for this reaction [M H M Janssen, D H Parker, and S 
Stolte, J Phys Chem 95, 8142 (1991)] In this article, we reinvestigate 
this reaction using a semiclassical method, ш which the rotation of the 
molecule and the electronic states of the interacting atom and molecule 
are treated quantum mechanically For the chemical reaction we use a 
model which correlates the projection of the electronic orbital angular 
momentum of the Ca atom on the intermolecular axis with the projec­
tion of the electronic orbital angular momentum of the CaF product on 
the diatomic axis [M Menzinger, Polon Phys Acta A73, 85 (1988)] 
This model is applied to examine the CaF(.A2n, Β 2 Σ + , Α ' 2 Δ) exit 
channels separately We conclude that we can reproduce the experi­
mental results for the steric effect using this model The improvement 
with respect to the classical trajectory results is shown to be due pri­
marily to the extended reaction model rather than to the semiclassical 
description of the dynamics We find trapping and reorientation in the 
semiclassical calculations, as in the previous classical trajectory results, 
but also non-adiabatic effects are present The latter do not affect the 
reactive cross sections very much 
: A J H M Meijer, G С Groenenboom, and A van der Avoird, J Chem Phys 
accepted 
80 Chapter 4: Semiclassical calculations on C a ( x D ) + CH3F 
I. INTRODUCTION 
There have been a number of investigations into the role of reagent orienta­
tion in reactions. A widely used technique for orienting symmetric top (like) 
molecules in crossed beam experiments is the hexapole technique, in which a 
hexapole field is used to select a certain rotational state (labeled by the symmet­
ric top quantum numbers J , K, and M) of the molecule. This allows control of 
the (average) orientation (angle β) of the symmetry axis of the molecule with 
respect to the initial relative velocity of the reagents [1-14]. Other techniques 
to obtain a certain degree of orientation have been reported as well, see e.g., 
Refs. [15-18]. 
In this article we will focus on the experiments by Janssen, Parker, and Stolte 
for the reaction Ca fD) + CH 3 F (JKM) -> CaF (A2U, Β2Σ+, A'2A) + CH3 
[14]. They report the steric effect, i.e., the difference between the reactive 
cross section for favorably oriented molecules (which means in this case that 
the F atom comes first) and unfavorably oriented molecules (CH3 side first), 
relative to the total reactive cross section for unoriented molecules. Note, that 
they were only able to measure the Λ2Π exit channel, because of experimental 
limitations. 
Most theoretical studies on orientational effects employ some version of the 
Angle Dependent Line of Centers (ADLC) model [19,20] to model the reaction 
probability. The ADLC model is a classical model in which the molecule is 
surrounded by an energy barrier, visualized by an imaginary shell. Reaction is 
assumed to occur only if the atom arriving at this shell has enough radial kinetic 
energy to surmount the barrier. Often this barrier is taken to be dependent 
on the angle (0R) between the symmetry axis of the molecule and the line 
connecting the centers-of-mass of the molecule and the atom. From this model 
one predicts a decrease of the steric effect with increasing relative translational 
energy of the colliding particles, because at higher energies the atom is able to 
react at a wider range of angles /?д, which lowers the steric effect. This behavior 
has been found experimentally, e.g., for the Ba + N2O reaction [11,21,22]. 
For the Ca (}D) + CH 3 F (JKM = 111) -» CaF (Л2П) + CH3 reaction an in­
crease of the steric effect with the relative translational energy was found, which 
could not be explained using the ADLC model outlined above. This result was 
tentatively explained in terms of reorientation of the CH 3 F molecule during 
the approach of the Ca atom due to anisotropic terms in the long range inter­
action [14]. Supposedly, these anisotropic forces reorient the CH 3 F molecule 
towards the Ca atom, especially at low energies, thus washing out the initially 
prepared orientation and lowering the steric effect. At higher energies there 
would not be sufficient time for this reorientation to occur, which would lead 
to an increase in the steric effect. These anisotropic terms were assumed to 
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be primarily due to the interaction between a quadrupole moment on the Ca 
atom and the permanent multipole moments of the CH3F molecule. Although 
an isolated atom cannot have a multipole moment, the presence of the electric 
field of the molecule lifts the fivefold degeneracy of the lD state, giving rise to 
five substates, each of which has a quadrupole moment. 
In paper II [23], we investigated this reaction using the standard Quasi Clas­
sical Trajectory (QCT) method with a long range potential based on the above 
mentioned interaction between atom and molecule. We used a slightly modified 
version of the ADLC model to account for the harpooning mechanism proposed 
for this reaction. These calculations show that reorientation cannot solely be 
responsible for the observed energy dependence of the steric effect, since it was 
impossible to reproduce the experimental results. A possible explanation could 
be that the initial probability distribution function for the angle β in the QCT 
approach is sharply peaked, unlike the quantum mechanical distribution (see 
paper II, Fig. 1.). Thus, to sample the initial distribution of β more quantum­
like, we also did the calculations with the Modified Quasi Classical Trajectory 
(MQCT) approach, defined in paper I [24]. This improved the results slightly, 
but did not lead to qualitative or quantitative agreement with experiment. 
An alternative explanation for the observed energy dependence of the steric 
effect was proposed in paper I. It was based on calculations using an attractive 
isotropic model potential, for which reorientation is impossible. We showed in 
paper I that for such a potential, at low energies, atoms with a large impact 
parameter will fly around the molecule and hit it at the back. This washes out 
the effect of the initial preparation and lowers the steric effect. We called this 
"trapping". At higher energies, these atoms will simply fly by the molecule 
and be non-reactive, thus raising the steric effect. Careful analysis of the 
MQCT results shows that this mechanism also plays a role in the trajectory 
calculations. However, initially favorably oriented molecules tend to follow the 
approaching atom; this reorientation effect partly cancels the effect of trapping. 
This results in a steric effect that does not reproduce the experimental data. 
We assumed in paper II that the branching ratio to the different exit chan­
nels (Α2Π, β 2 Σ + , Α'2Δ) was independent of the translational energy. Further­
more, we assumed that the entire reaction proceeds on the adiabatic potential 
energy surfaces. In the present paper we avoid the latter assumption and in­
vestigate the former using a semiclassical (SC) method [25-37]. The main 
characteristic of a SC (or Classical Path) approach is that some coordinates 
are treated quantum mechanically and others classically. In our calculations we 
simultaneously propagate a quantum mechanical wave function using the time-
dependent Schrödinger equation and a classical particle using the Hamilton 
formalism from a separation of 30 bohr to the harpooning radius. Up to this 
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point the scattering is assumed to be (in)elastic. The harpooning event and the 
subsequent reaction are modeled by the ADLC model, as defined above, and by 
a second model that correlates the electronic angular momentum of the atom 
at the harpooning radius with the electronic angular momentum of the CaF 
product. These models for the reactive part of the process are crude, obviously, 
but a full ab initio calculation of the potential energy surfaces in the reactive 
region, and the associated full-dimensional reactive scattering calculations, are 
not feasible at the moment. From the experiment we would need e.g., inelastic 
cross sections, cross sections for reaction to the ground state channel, or energy 
dependent branching ratios, to extend the model beyond the current level (see 
also Sec. IIG). 
In Sec. II we outline the semiclassical theory needed for the calculation and 
the analysis of the trajectories. In Sec. Ill we present some computational 
details including the algorithm that we used to evaluate the matrix elements of 
the potential operator. In Sec. IV we discuss the results for the Ca + CH3F -> 
CaF (Α2Π) + CH3 reaction and compare them to the previous MQCT results 
and the experimental results. Furthermore, we will make some predictions 
regarding the CaF (Β2Σ+) and CaF (A12 A) exit channels, although these were 
not measured in the experiment. Finally, in Sec. V we will draw conclusions 
regarding the validity and accuracy of the SC method and we will point out 
where we see room for improvement of the theory and our calculations. 
II. THEORY 
For the SC calculations, we separate the coordinates into two different groups. 
The first of these groups, consisting of the electronic coordinates of Ca and 
CH3F and the rotational coordinates of CH3F, is treated quantum mechan­
ically. The evolution of the wave function in these coordinates is given by 
the time-dependent Schrödinger equation. The other group, consisting of the 
translational coordinates of the Ca atom with respect to the CH3F molecule, 
is treated using classical mechanics in the Hamilton formalism. The coupling 
from the classical coordinates to the quantum mechanical ones is obtained 
through the interaction potential, which depends on the classical coordinates. 
The back coupling is obtained by letting the classical coordinates move in the 
Ehrenfest averaged potential (Ф| |Ф), where V is the interaction operator 
and Φ the quantum mechanical wave function, which will be expanded in a 
basis set. The SC method gives us a number of coupled first order differential 
equations, which are used to propagate the quantum mechanical wave function 
and the classical particle simultaneously in time. 
This approach for the coupling between quantum mechanical and classical co-
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ordinates provides us with trajectories that conserve energy [25-27,29,31,32,37]. 
However, microscopic reversibility is not obeyed., i.e., the probability of an ex­
citation from state η to state n' is not equal to the probability of the reverse 
process. Methods have been published to circumvent this problem (see e.g., 
Refs. [32] and [37]). However, since the rotational energy is approximately 
200 times smaller than the relative kinetic energy, the violation of microscopic 
reversibility will be small [37] and therefore we have not implemented these 
methods. 
A. Coordinates 
Three coordinate systems will be defined in this section. First, we define a 
space-fixed (SF) frame, located at the center-of-mass of the colliding particles. 
Its z-axis is defined to be parallel to the initial relative velocity vector of the 
colliding particles. The coordinates of the atom with respect to the molecule 
are given by R = (R, Θ,Φ), where R is the length of the vector connecting 
the centers-of-mass of the molecule and the atom. The angles θ and Φ are the 
polar angles of this vector in the SF frame. The orientation of the molecule 
in the SF frame is given by α = (α, /3,7), which are the Euler angles of the 
molecule in the zyz-parameterization. The coordinates of the electrons of the 
Ca atom are given schematically by r, which has its origin on the Ca atom. 
Secondly, we define a dimer-fixed (DF) frame. The DF frame is obtained from 
the SF frame by rotation over (Φ, θ,Ο), which means that Ca has coordinates 
(Д, 0,0) in this frame. Hence, the z-axis of the DF frame lies parallel to R. 
Therefore, the orientation of the molecule а д = (ад, /Зд, 7д) and the electronic 
coordinates of the Ca atom гд in the DF frame are labeled by a subscript R. 
Finally, we define a molecule-fixed (MF) frame. This is the inertial frame of 
the molecule and it is equal to the BF frame we used before [23]. In this frame 
the electronic coordinates of the CH3F molecule are schematically designated 
by p, which has its origin at the center-of-mass of the CH3F molecule. 
B. Basis functions 
The basis set used in the expansion of the wave function is a direct product of 
three bases for the three sets of coordinates, i.e., the electronic coordinates of 




where Ì>^JKM(ρ, Τ, α) is the resulting basis function, labeled by the rotational 
symmetric top quantum numbers J, K, and M, and by the electronic orbital 
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angular momentum quantum number λ and the magnetic quantum number μ 
of the Ca atom. Since we will restrict our basis to the functions of the lD state 
of the Ca atom, λ will be 2 throughout this article and therefore we will drop 
this label wherever possible. The factor фСНзР(р) in Eq. (1) designates the 
electronic wave function of the CH3F molecule. It is defined with respect to the 
MF frame. The electronic wave function for Ca is designated by ф^а(г) and it is 
defined with respect to the SF frame. This wave function has five components, 
labeled by μ ranging from - 2 to 2. Lastly, the functions XJKM{G) in Eq. (1) 
are the symmetric top wave functions of the CH3F molecule, defined as: 
XJKM(a) = y ^ ± l u ^ ( a ) · , (2) 
where D(M'K(a)* denotes a Wigner D-matrix (see Refs. [38,39]). It is defined 
with respect to the SF frame. 
C. Hamiltonian 
The classical part of the SC calculations contains the following kinetic energy 
where PR = (Ря,Р ,Рф) denotes the momentum conjugate to R and μ
τ
 is 
the reduced mass of the colliding particles. 
The Hamilton operator for the quantum mechanical part is defined as follows 
Hg(p,r,a,R) = H°(p,r,a) + V(p,r,a,R) 




(a) + V(p, г, а, Д). (4) 
In Eq. (4) the term H^a(r) is the Hamiltonian for the electronic coordinates of 
the Ca atom. The five basis functions фРа(г) are its degenerate eigenfunctions 
with eigenvalue eCa. The term Н^НъР{р) in Eq. (4) is the Hamiltonian for the 
electronic coordinates of the CH3F molecule. The basis function фСНзР(р) is 
its ground state eigenfunction with eigenvalue eCHsF. H
r
(a) is the symmetric 
top Hamiltonian that describes the rotation of the CH3F molecule. Hence, 
H
r
(a)xjKM{a) = е3кХзкм{а) = [AJ(J + 1) + (C - A)K2] xJKM(a), (5) 
where £JK is the eigenvalue for the state XJKM((*), while A and С are the 
rotational constants for the symmetric top molecule CH3F. Throughout this 
article, we will use eCa + еСНзР as the reference energy. 
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Lastly, the term V(p,r,a,R) in Eq. (4) is the electrostatic interaction op­
erator. If this operator is expanded in a multipole series, we get the following 
general expression [40,41] 
V(p,r,a,R) = Σ 
i„,íb=0 
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Here, A labels the molecule and В the atom. The operator Qm] (p) in Eq. (6) 
is defined as the m
a
 component of a 2'° multipole operator on CH 3 F with 
respect to the MF frame. Transformation with the functions £)( "' , (a)* ro-
tates Q ° (p) to the SF frame. The operator Qmb(T) is defined in an analogous 
way on the Ca atom, but directly with respect to the SF frame. The factor 
( ' ' ' J in Eq. (6) is a 3-jm symbol. Lastly, the function Cl'rôt'-m»(0>$) i s 
a spherical harmonic in the Racah normalization and the phase convention of 
Condon and Shortley [39]. We wish to emphasize here that by restricting the 
electronic basis to only one (degenerate) state on Ca and one state on CH3F we 
only include the electrostatic interactions. Interactions like dispersion or po-
larization would be included if the basis set were extended to other electronic 
states of Ca or CH3F, but this is not done in the present article. 
D. Equations of motion 
The total wave function is expanded in the basis defined in Sec. IIВ as follows, 













 in Eq. (7) denotes the highest J quantum number in the 





) are the initial rotational quantum numbers of the CH3F molecule, 
Nt is the initial electronic state of the Ca atom, and b is the impact parameter. 
The dependence of the wave function on the initial state and the definition of 
Nt will be discussed in Sec. IIF. 
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The time evolution of the wave function is given by the time-dependent 
Schrodinger equation 
. t d * ( * ) - Ύ(κ) (8) 
Substituting the definitions for Hq and φ Μ into Eq. (8) yields the following 
equations of motion for the expansion coefficients. 
J^KMW)]






х exp [i(ejK - EfK> )t/h]. (9) 
The elements VßJKMßi f K> M> (R) of the interaction matrix V are given by 
V
»JKM,¿J'K'M'(R) = (l>nJKM V(p,r,a,R) Φμ^·κ·Μ·). (10) 
Following the Ehrenfest theorem [42], a total classical Hamiltonian can be 
defined for this system as 
Htot = T
cl + Vav = Tcl + (ф(*> \Н„\ Ф(">) . (И) 
From this equation, the equations of motion for the classical coordinates can 



















where by differentiation with respect to a vector, we mean differentiation with 
respect to the components of that vector. The last step in Eq. (12b) can be 
easily proven using Eq. (9) and the fact that the basis functions are orthonormal 
eigenfunctions of H°. 
With the definition for Htot, Eq. (9), and the proof of Eq. (12b) it can be 
demonstrated quite straightforwardly that this approach leads to trajectories 
along which the total energy of the system is always conserved [25-27,29,31]. 
Furthermore, the above expressions for the Hamiltonians show clearly that the 
classical and quantum mechanical degrees of freedom are coupled exclusively 
through the intermolecular interaction operator. 
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Б. The interaction matrix 
The interaction matrix V is defined by Eq. (10). In its evaluation we use the 
fact that the matrix elements of the multipole operators are related through 
the Wigner-Eckart theorem. 
<€°Ι«Κ.·>=(-ΐ)'-''(41 ¿ 2)<*іиі»>. аз» 
where the factor (2 l iceal i 2) denotes the reduced matrix element of a 2'b 
operator for the lD state of Ca. 
We substitute Eqs. (1) and (6) into Eq. (10). Using the Wigner-Eckart 
theorem and the analytical form for the integration of a product of three Wigner 
D-matrices [39], we get the following expression for VßJKM > f K< M> (R) 
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The factor \Q^_K·/ denotes a К - К' component of a 2 ,n pole on CH 3 F. 
In theory, we would need all multipole moments on CH3F. In practice, the 
multipole moments on CH 3 F are included up to the octupole moment (/„= 1, 
2, and 3). The Ca atom has a quadrupole and a hexadecupole moment, of 
which only the quadrupole moment is taken into account (It = 2). 
F. Sampling of initial states 
The initial conditions for the wave function and for the classical coordinates 
and momenta are indicated by the experiment. For the initial translational 
energy and the initial rotational state the sampling is straightforward, since 
the experimental values can be used directly. The sampling of the initial state 
of the Ca atom is less trivial. In the experiment the Ca atom is not prepared 
88 Chapter 4: Semiclassical calculations on Ca(x.D) + CH3F 
in a specific component of the XD state and the Ca atom must therefore be 
treated as a statistical mixture with equal weights for the 5 components (see 
Ref. [42], p. 204 ff.). Therefore, the correct quantum mechanical procedure is 
clear cut. One has to start a calculation with each of the 5 substates of the 
lD state, calculate the observables and average over the substates with equal 
weights. Furthermore, since in a quantum mechanical calculation the equations 
of motion are linear in the expansion coefficients for the wave function [see 
Eq. (9)], each orthonormal basis in the fivefold degenerate space of the lD 
state will lead to the same result after statistical averaging. 
In a semiclassical method the same procedure can be used in principle. 
However, from Eq. (12b) it is clear that the classical equations of motion are 
quadratic in the expansion coefficients and therefore the choice of the initial 
states will not be arbitrary. Each basis will lead to a different result after 
statistical averaging. Thus, we have devised the following procedure to define 
the initial states on Ca. Bearing in mind that the SC approximation will be 
most reliable when the number of non-adiabatic transitions is small, since in 
that case the average potential V
av
 [see Eq. (11)] will be most similar to the 
true potential [32,37], the initial states are taken to be adiabatic states at the 
initial separation of atom and molecule. These states are defined to be the 
eigenstates of the average interaction matrix, because the CH3F molecule is 
described quantum mechanically. Its elements are defined as 
ν
Ά = (ψ»'^κ.Μ.\ν\ΨΜΜ,), (15) 
where we assume that we start in a pure rotational state (JjK,M t). Since 
the eigenvectors of this matrix are calculated at a finite separation of atom and 
molecule (in this case 30 bohr), they will be a function of the impact parameter 
b. However, this dependence on b is very weak at this separation, so in practice 
for all trajectories the same 6 (b = 1 bohr) for the calculation of the initial 
states is chosen. We cannot use a zero impact parameter, because in that case 
the eigenvectors of the averaged interaction matrix would not be completely 
defined. 
G. Reaction Model 
To describe the chemical reaction between Ca and CH3F the Angle Dependent 
Line-of-Centers (ADLC) model is used, as in paper II. In this model the reaction 
probability, expressed in the DF frame, is defined as follows 
W(ßR> - { 0; ßc - «- * - ' (16) </9я<тг 
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where the angle ßc is the "cut-off angle", used to model the "cone of non-
reaction" , the part of the molecule, that is assumed to be non-reactive during 
the collision. Evidence for the existence of such a cone of non-reaction was 
reported in the literature for the Rb + CH3I reactive collision [5,6]. 
The barrierless form of the ADLC model used in these calculations is con-
sistent with the harpooning mechanism, proposed for this reaction. In the 
harpooning mechanism, the reaction is initiated by an electron jump from Ca 
to CH3F at a certain distance, the harpooning distance Rc. This harpooning 
radius, which is also taken to be the final radius of the SC trajectories, is not 
precisely known experimentally. Therefore, we have used the same harpooning 
radius as in paper II, i.e., 6.0 bohr. This fixed harpooning radius gives, in 
combination with the ADLC model, a crude description of the reaction. If we 
define the harpooning radius as the distance where the covalent and the ionic 
surfaces cross, then this radius depends on the orientation of the reactants. 
Furthermore, it depends on the electronic state of the reactants, because the 
repulsive covalent adiabatic surfaces cross the ionic surfaces at different radii 
than the attractive covalent surfaces. Actually, there are many crossings of 
electronic states in this region, because the ionic surface which corresponds to 
Ca+(2D) + CH3F - asymptotically, also consists of asymptotically degenerate 
surfaces. Lastly, in the ADLC model we do not account for the occurrence 
of recrossing in the entrance channels, nor in the exit channels. However, for 
all three problems mentioned, there are no experimental data or ab initio cal-
culations, from which the information needed to improve the reaction model 
can be extracted. Therefore, we were forced to keep the model simple, and to 
use it especially to gain more understanding of the influence of the long range 
dynamics on the steric effect and its energy dependence. 
Naturally, the electronic state of the Ca atom will evolve during the propaga-
tion of the wave function and to investigate the effect of the electronic state at 
impact on the branching ratio we use a second model. This model, proposed in 
1988 by Menzinger [43,44], which we call the "correlation model", assumes that 
during the reaction the projection of the electronic orbital angular momentum 
of the atom on the intermolecular axis, designated by the quantum number 
Λ, is conserved and becomes the electronic orbital angular momentum quan­
tum number of the product molecule. Note, that it is tacitly assumed in this 
model that the intermolecular axis and the symmetry axis of the product CaF 
molecule coincide, which is usually not the case. However, the angle between 
these axes at the harpooning radius is 10 degrees at worst, when the C-F axis 
and the Ca-F axis are perpendicular to each other, which makes this assump­
tion less severe. Evidence for the existence of the correlations assumed in this 
model have been found experimentally for Ca + CI2 and Ca + HCl reactive 
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scattering by Rettner and Zare [45,46]. In order to apply this correlation model 
the basis functions for the rotation of the CH3F molecule and the electrons of 
the Ca atom need to be transformed to the DF frame. This transformation is 
given by 
Фк'Ш = ¿ Φ°α(τ)Ό™{Φ,θ,0) (17a) 
μ = - 2 
XJKn(<XR)= ¿ χ™(α)Ρ<$ι(Φ,θ,0) . (17b) 
M=-J 
Неге, Ω is the projection of the rotational angular momentum of the CH3F 
molecule on the intermolecular axis, i.e., the vector R and Λ is the projection 
of the Ca angular momentum on the same axis. The wave function can then 
be written as 
Ф
( к ) ( р , г
д
, а я , 0 = 5 Z o.\jKQ[R(t)]^JKii(p,rR,aR)exp(-iejKt/h), 
(18) 
where ipAJKu(p,rR,aR) is defined analogously to i/)ßjKM{p,r,a). Using the 
equivalence between Eqs. (7) and (18), we can easily prove that 
¿лікп №)] = Σ Ά Μ [«(*)] Л$(*. θ,0)*Ζ)^(Φ, θ,0)* (19) 
μΜ 
Η. Analysis 
We want to compare our results with the experimental results obtained by 
Janssen et al. [14] and with the results from the Modified Quasi Classical Tra­
jectory (MQCT) calculations in paper II. Furthermore, we wish to examine the 
evolution of the electronic state of Ca during the approach of the reagents in 
three different representations of the electronic basis set of Ca. 
1. Comparison to experiment and MQCT results 
The wave function at the end of a trajectory is given by ψ(κ)(ρ, r,a,t = t
e
). 
In order to use the correlation model, we need the wave function in the DF 
frame per Λ state, Фд ( а д , і = t
e
), which is defined by projecting the wave 
function in the DF frame, ^^{p,rR,aR,t) with {Ф(іа{тн)фСНзР{р)\, i.e., by 
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multiplication with ф<Ца{тіі)*ФСНзР{рУ and integration over the coordinates 
гд and p, 









From Ф^ к )(ад,* = i
e
) the probability distribution function, Тдк)(/3д), for the 
orientation of the CH3F molecule in the DF frame is obtained by integrating 
the square modulus of Фд (ад, t = t
e
) over all coordinates, except ßR. 
Рл°(А0 = ƒ | * j f W t = íe)|2 daRdlR. (21) 
Using this probability function we can calculate the reactive cross section for 
each lD substate Л in the DF frame by multiplying V£ (/Зд) by W{ßR), defined 
by Eq. (16), and by subsequent integration over ßR and ò and averaging over 
JV, as 
¿J.,K„M.)
 = 1J2 fv[K)(ßR)W(ßR) SinßRdßRbdb, (22) 
where the factor ^ in Eq. (22) arises from averaging over the initial electronic 
states N,. 
Subsequently, two approaches can be followed to obtain the total reactive 
cross section
 a(J^K><M.) The first is to assume that the branching ratio to the 
different exit channels is independent of the relative translational energy, as we 
did in paper II. In that case,
 a(J^K>Mx) \s simply defined as 
a,J.JC.,M.) = ^2 ffW·*'. (23) 
From this we can define the total cross section for an unoriented beam of 
molecules, σ£ ' {E), the steric effect, σ\ ' '(Е)/ас ' (E), and the alignment 
effect, аз ' \E)IOQ ' '(E) for a initial rotational energy ει,ι as [14,24] 
rìA)(E) = \ ¿ ¿Wt (24a) 
M , = - l 
σ[1Λ)(Ε) _
σ
( Μ . ΐ ) _
σ
( ι , ι , - ι ) 
~JF4¿)- a^(E) : (24b) 






( 1 , 1 , 1 ) + σ ( 1 , 1 , - 1 ) 
,(1.1) (E) 
(24c) 
The second approach is to assume that the projection of the electronic an­
gular momentum of the Ca atom on the intermolecular axis, i.e., the quantum 
number Λ, correlates with the electronic orbital angular momentum quantum 
number of the CaF product. Thus, the total reactive cross section for the A'2 A, 
A2U, and β 2 Σ + states is defined as 
<J.,K.,M.) _ _(Л,к,,м.) (Λ,ΛΓ.,Μ.)
 r
„ - ν 










 ( 2 5 c ) 
From these cross sections we calculate for each state Γ (Γ = Σ, Π, Δ) CT¿ ¿. (Ε), 
σ[]^\Ε)/σ^ι)(Ε), and σ ^ (Ε) / σ ^ (Ε), analogously to Eqs. (24). 
The MQCT calculations have shown that two dynamical effects are impor­
tant for the Ca -I- CH3F collision: trapping and reorientation. The occurrence 
of trapping is easy to check by examining the trajectories. In order to check 
the occurrence of reorientation the (α, β) probability distribution for the ori­
entation of the CH3F molecule in the SF frame is needed. It is calculated by 
integrating the square modulus of the wave function at t = t
e
 in the SF frame 
over all electronic coordinates and over 7. 
QW(a,ß)= f ф( ( >(р,г,о, і = д 2 dpdrd-f. (26) 
The change in Q(K' (a, /3) as a function of the impact parameter and along the 
classical path is a measure of the amount of reorientation during the collision. 
2. The evolution of the electronic state of Ca 
The difference between the MQCT calculations in paper II and the present SC 
calculations lies partly in the description of the electronic states of Ca. In the 
SC method non-adiabatic transitions between Ca states are possible, which 
is not the case in the MQCT calculations. To examine the evolution of the 
electronic state of Ca during the collision we want to monitor the population 
of each of the five substates in three different representations. 
In representation 1 we use the (diabatic) basis in the SF frame, 
ФцЛ<м(р,Γ, α ) . To calculate the population of a XD substate we need the 
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wave function per μ state at a certain time t, Φ;,κ '(α,ί), which is defined by 
projecting (фСа(г)фСНзК{р)\ onto the wave function. 
Φ^(α,ί) = (ф^(г)фсн^(р)\¥"Цр,г,а,і)) (27a) 
\ / r,p 
= Σ °ΰκΜ [Я(*)1 XJKM(α) exp{-ieJKt/h). (27b) 
The population of a certain XD substate μ in the SF frame is then given by 
taking the square modulus of Φ μ (α,ί) and integrating over a . 
QW{t) = ƒ !*(,">(a,i)|2 da (28a) 
= Σ l & M [«(*)] 2 . (28b) («) 
Γ 
JKM 
In representation 2 we use the (diabatic) basis in the DF frame, 
^\jKn(p,TR,OLR)· To calculate the population of a lD substate we need the 
wave function per Λ state at a certain time t, Фд (ад,*), which is defined by 
Eq. (20). The population of a certain 1D substate Λ in the DF frame is the 
integral over а д of the square modulus of Фд (ад, t). 
VÌK)(t) = l\¥AK\aR,t)\2 dan (29a) 
= Σ | α $ι« ι [*(<)] | 2 · (2gb) 
JK(i 
If Л is conserved in this frame, this is known as "orbital following" [43,46,47]. 
In representation 3, we use an adiabatic basis on Ca and the DF basis for 
CH3F. The adiabatic basis functions are defined as 
2 
GN(rR;aR)= Σ ΦΪα(τη)υΑΝ(αΗ), (30) 
Л=-2 
where І7л ( " я ) is the coefficient of the A th basis function of the Nth eigen­
vector of the 5 x 5 interaction matrix V, where VAA> = (фАа V ФА?). Note 
that this definition does not completely fix the (complex) phase of ?/ллг(скд). 
It is not possible to choose ?/ллг(с*я) real and at the same time continuous 
for all а д , because of the geometrical phase problem (see e.g., Refs. [48-50]). 
Fortunately, for the computation of the population of a given adiabatic state, 
we only need the square modulus of ?7ллг(о(д), as will be shown below, and 
so we do not need to worry about this subtlety. The wave function for each 
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adiabatic state N is defined by projecting (Gtf(rR;aR)(f>CIItF(p)\ onto the 
wave function, i.e., 








, о ) · (31) 
The populations of the adiabatic states are then defined as 
Λ#°(ί) = ƒ |ф ( „ к ) (ад,*) | 2 d<xR. (32) 
Now we could proceed in the same manner as in the definition of Qß '(t) and 
Рд (f) and calculate -Л/jy (t) as the sum over the squares of the coefficients 
of the expansion of the wave function in the adiabatic states Слг(гд;£*я)· 
However, the transformation of the wave function is very awkward, because of 
the geometric phase effect mentioned above. Hence, we use Eq. (32) directly 
and calculate Л/^ (f) as 
KK)(t) = j 
Σ Σ U*AN(<*R)xjKa(aR)attKÇÎ №)} daR. (33) 
JK ΛΩ 
Thus, we can derive a form for Nfr'(t), which only contains the coefficients 
obtained from the SC calculation. There is no need to transform the wave 
function to the adiabatic basis to get the expansion coefficients and from there 
onM(N
K)(t). 
III. COMPUTATIONAL DETAILS AND IMPLEMENTATION 
A Fortran program was written to perform the propagation of the SC trajec­
tories and the evolution of the wave functions, according to the equations of 
motion Eqs. (9) and (12). For the propagation we used a variable order, vari­
able step Adams integrator from the NAG library [51] (subroutine "D02CJF"). 
The tolerance of the integration was set to 1 0 - 6 using absolute error checking. 
This means that energy and the norm of the wave function are both conserved 
to 4 to 6 significant figures. Calculations were performed for six different en­
ergies, chosen to coincide with experimental energies of Janssen et al. [14]; 
they are the same as those in paper II. The experimental values for σ^ ' {E), 
σ[1'1)(Ε)/σ^1'1)(Ε), and σ{21'1)(Ε)/σ^'1)(Ε) for these energies are given in Ta­
ble 1. For each translational energy, each initial electronic state for the Ca 
atom and for each M< state for the rigid rotor 17 trajectories with different 
impact parameters were calculated. These impact parameters were distributed 
equidistantly in b2 between 0.0 and 9.0 bohr in such a way as to make an in­
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TABLE 1. Experimental values of <r¿u) and σ[1'1)(Ε)/σ^1,1)(Ε) at different ener­
gies. 







»From Fig. 9, Ref. [14] 
bValues extrapolated from fit to experimental data [14] 
c
 Value not available 
d
 Reference point 
maximum value of b of 9.0 bohr turned out to be sufficient not to miss any 
reactive trajectories, except at a relative translational energy of 0.068 eV with 
M, = 1 and Nt = 1,2 where one more trajectory had to be added. All tra­
jectories started at R = 30 bohr. The harpooning radius was taken to be 
6.0 bohr, as in paper II. For the calculations an IBM RS6000/370 and an IBM 
RS6000/390 were used. Trajectories typically took one hour on the 370 or half 
an hour on the 390. Per trajectory the number of coupled equations was 27283 
and the number of function evaluations in the order of 300. 
The bottleneck in these calculations was the evaluation of the matrix ele­
ments of the interaction matrix V, defined through Eq. (14). Evaluation of 
these matrix elements at each integration step would make the propagation 
computationally too expensive for basis sets with maximum J-values over six. 
In practice, J
max
 has to be around 15 in order to converge the wave func­
tion. Advantage can be taken from the structure of V, which will make the 
evaluation of the matrix elements of V less costly. 
Inspection of the definition of the matrix elements V
 JKM ι f K< M> (R) of V 
in Eq. (14) shows that the dependence on R arises solely through the irregu­
lar solid harmonic R~l"~lh~1Cl^f^M ,_ (Θ,Φ). This means that before any 
propagation a matrix Д('··'') can be calculated, which is implicitly defined as 
W y / r t ' № ) = EE r '-" 1 , " l c u l „M'-MV-.( 9 .*) 
U=0lb=0 
XAßJMK,ß'j'M'K'- ( 3 4 ) 
Thus, the calculation will be sped up considerably. Furthermore, given the 
restrictions on the indices in Eq. (14) and given the fact that only a small 
number of multipoles is used and that of those multipoles only a few compo-
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nents are non-zero, the matrix Д('··'*) will be very sparse. In fact, for a value 
for Jjnax of 15 less than 1 % of _A('°>'<·) is actually non-zero. Much memory can 
be saved by storing only these non-zero elements. We want to emphasize here 
that the sparsity of AC··'') is what makes these calculations possible, because 
even when only the non-zero elements of A^a·1^ are stored, the amount of 
memory needed for a calculation with J
max
 = 15, l
a
 = 1,2,3, and /д = 2 is 
about 30 Mb, compared to 11 Gb for storing the entire matrix. 
The multipole moments used for CH3F are given in paper II. For Ca the 
same quadrupole moment is used as in paper II. Its reduced matrix element, 
cf. Eq. (13), is 15.7664 a.u. [23]. The rotational constants of CH 3F used in the 
calculation of the rotational energies EJK are the experimental values [52,53], 
see paper II. 
After the propagation the trajectories are analyzed according to the strate­
gies outlined in Sec. IIH. The integrals over the angles 7 and 7д are performed 
analytically, except for Eq. (33), where an equidistant grid of 100 points is used. 
The integrations over α and а д can be performed analytically, except for the 
integration over а д in Eq. (33). Examination of the eigenvectors U\ff(an) and 
the symmetric top functions XJKÌÌ (<*я) appearing in Eq. (33) shows that the 
dependence on а д of the integrand is a linear combination of functions of the 
form cos(A + П)ад. Therefore, 2(2 + J
m a i ) + 1 equidistant points are sufficient 
to integrate Eq. (33) exactly over ад. 
The integration over /?д was done numerically using a Gauss-Legendre 
quadrature in cos/Зд with 50 Gauss-Legendre points, using the routine 
"D01BCF" from the NAG-library [51]. Lastly, the integration over the im­
pact parameter b in Eq. (22) was done using the trapezoidal rule. 
For all propagations the same criterion of R = 6.0 bohr was used to end the 
propagation. Four cutoff angles were used to examine the influence of the cutoff 
angle, ßc, on the steric effect and its energy dependence. The angles used were 
60°, 90°, 120°, and 180° and therefore the calculations will be called "model 
60", "model 90", "model 120", and "model 180" calculations, respectively. 
IV. RESULTS AND DISCUSSION 
The SC results obtained by using the correlation model for the A2R state, the 
Β
2
Σ+ state, and the Α'2Δ state will be designated by SC-Π, SC-Σ, and SC-
Δ, respectively. The results will be compared to the experimental results by 
Janssen et al. [14] and to the MQCT results, using approach (II) in paper II. 
Since all our calculations refer to the reaction of the Ca with CH3F, prepared 
in its (J, K) = (1,1) state, we will omit the label (1,1) from the cross sections 
from this point on. 
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FIG. 1. SC results for σ1(Ε)/σ0(Ε) for model 60, model 90, and model 120 calcu­
lations (without the correlation model). Also the experimental data and a fit to the 
experimental data are plotted. 
A. Steric effect, σι{Ε)/σ0(Ε) 
The results for σχ(Ε)/σς,{Ε) using the standard SC method (see Fig. 1) are 
in slightly better agreement with experiment than the MQCT results in pa­
per II, Fig. 13. However, for different cut-off angles either the magnitude of 
σι(Ε)/σ0(Ε) or the energy dependence of σχ(Ε)/σο(Ε) is in agreement with 
experiment. This was also concluded after the MQCT calculations in paper II. 
This SC result shows that the quantum mechanical description of CH3F and 
Ca has a weak, but positive, influence on this result. 
The use of the correlation model for the A2ïl state yields the SC-Π results 
in Fig. 2. The results fit the experimental data rather well. A cut-off angle 
of approximately 105° would fit the experiment almost perfectly within error 
bars. Thus, while the SC method alone does not lead to better results, it 
enables us to use a model that correlates electronic states at the harpooning 
radius with the final electronic states, which does lead to better agreement for 
σι,π(Ε)/σο,π(Ε) with experiment. 
In order to understand these results it is useful to consider the five adiabatic 
potential energy surfaces (PESs) at R = 6.0 bohr. These PESs are plotted in 

























/ / / / 
-















01 0 2 0 3 0 4 
Energy ( ) 
05 
FIG. 2. SC-Π results for σι,π(Ε)/σ0,π(Ε) δ » model 60, model 90, and model 120 
calculations (using the correlation model) Also the experimental data and a fit to 





FIG. 3. A cut through the potential energy surfaces for R = 6 0, од = 0°, and 
7я = 60° 
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Δ are the symmetry assignments of the PESs at /?д = 0 and /?д = тт. Note 
that for βκ = 0 the lowest surface has Δ symmetry, whereas for /Зд = π it 
has Σ symmetry. Since the Π surfaces lie between the Σ and Δ surfaces at 
/Зд = 0 and /Зд = π, we first discuss and explain the results for the Σ and Δ 
exit channels. We then use these results to explain the results for the Π exit 
channel. 
The SC-Σ results are plotted in Fig. 4, panel (a). The curve for a model 
180 calculation shows a negative steric effect for all energies used. This neg­
ative steric effect can be explained qualitatively from the symmetry of the 
five PESs (see Fig. 3). At low energies for an unfavorable collision geome­
try [(Ji, Ki, Mi) = (1,1, -1)] most reactive trajectories are on the lowest sur­
face, since this is the most attractive one. Most of these trajectories arrive 
at the harpooning radius around /Зд = π. This surface at that side of the 
molecule corresponds to a Σ (exit) channel. For a favorable collision geome­
try [(Ji, Ki, Mi) = (1,1,1)] very few reactive trajectories are on the Σ surface, 
since it is repulsive. Therefore, it seems plausible to find a negative steric 
effect for a model 180 calculation for the Β2Έ+ exit channel. In the MQCT 
calculations no negative steric effect was found, except in the calculations using 
the isotropic model potential. However, in that case the steric effect became 
negative only at extremely low translational energies or for unphysically strong 
potentials. Here, the steric effect is negative for a "normal" long range po­
tential over a range of translational energies. This result suggests that the 
negative steric effect, measured in the experiments on the reaction Ca( 1D) + 
CH3CI (JKM = 111) -> CaCl(B aE+) + CH3 [13] will be reproduced by our 
calculations [54]. Furthermore, this result suggests that the negative steric ef­
fect found for the Β2Σ+ exit channel in the Ca + CH3CI reaction might be 
a feature of the final electronic state rather than an effect of the interaction 
potential in the entrance channel. 
Decreasing the cut-off angle will mainly affect the reactive cross section for 
unfavorably oriented molecules, σ^' '~ (E). Thus, the steric effect becomes 
less negative and even positive at smaller cut-off angles, as is evident from 
Fig. 4, panel (a). 
The SC-Δ results are plotted in Fig. 4, panel (b). For model 180 calculations, 
the panel shows a decreasing (positive) steric effect with increasing energy. This 
can be understood qualitatively using the same reasoning as for the negative 
steric effect for the model 180 SC-Σ calculations. At low energies for a favorable 
collision geometry most reactive trajectories are on the lowest two surfaces, 
since these surfaces are attractive (final angle /Зд around 0). At this side of the 
molecule they correspond to a Δ (exit) channel. For an unfavorable collision 
geometry very few trajectories are reactive on the Δ surfaces, because they 
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FIG. 4. SC-Σ results [panel (a)] and SC-Δ results [panel (b)] for σι(Ε)/σ0{Ε) for 
model 60, model 90, model 120, and model 180 calculations 
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axe repulsive. Therefore, the steric effect will be positive at low energies for 
model 180 calculations. At higher energies the cross section for the A'2 A state 
in the favorable collision geometry will decrease, because more trajectories end 
up on the surfaces which correspond to the A2U and Β2Σ+ exit channels. The 
cross section for the A'2A exit channel in the unfavorable reaction geometry 
will increase for the same reason. Therefore, the steric effect will decrease at 
higher energies. 
Decreasing the cut-off angle for the SC-Δ calculations will (again) mainly 
affect the reactive cross section for unfavorably oriented molecules, σ Δ ' '~ ' (E). 
At low energies σ Δ ' '
-
 (E) is small compared to σ Δ ' (E), which means that 
the increase of the steric effect with decreasing cut-off angle will be small as 
well. At higher energies σ Δ ' ~ (E) becomes larger compared to σ Δ ' ' (E), 
which results in a larger increase in the steric effect with decreasing cut-off 
angle. 
Comparing Fig. 2 and Fig. 4 we conclude that the SC-Π results are more 
like the SC-Σ results than like the SC-Δ results. This is not surprising, since 
the Π-surfaces are, like the Σ-surfaces, repulsive at /Зд = 0 and attractive at 
ßü = π. Therefore, the explanations given for the SC-Σ results will hold also 
to a large extent for the SC-Π results. 
Given this strong dependence of the steric effect and of the total cross section 
for unoriented molecules on the exit channel predicted by this correlation model 
in the next section, it will be very interesting to repeat the experiment, but 
now using Ca atoms that have been state selected by a polarized laser beam. 
Experiments on the effect of the polarization of the electronic state of the atom 
on the cross sections for the different products have been performed for Ca( 1 P) 
+ HCl, СЬ, and ССЦ by Rettner and Zare [45]. In their experiment they used 
unoriented molecules and they polarized the 1 P state of the atom with respect 
to the relative velocity of the colliding particles. This setup was used to show 
that certain exit channels were enhanced by the polarization. It will also be 
very interesting to measure the other energetically allowed exit channels in the 








, and A'2A states of CaF, to see 
whether our theoretical predictions are correct. 
B. Total cross section for unoriented molecules, σο(Ε). 
In Fig. 5, we give the experimental results by Janssen et al. together with their 
fit to the experimental data in which they corrected for the velocity distribu­
tion of the Ca beam. Furthermore, we give the MQCT results for model 90 
calculations from paper II and the SC and SC-Π results also for model 90 cal­
culations, using the procedure outlined in Sec. IIH. Model 90 calculations were 
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FIG. 5. σο(Ε) for the experiment and for the MQCT, SC and SC-Π calculations. 
Model 90 calculations are plotted. 
arbitrarily chosen for this figure, since the other cut-off angles give comparable 
results. For all our calculated curves and for the experimental curve in Fig. 5 
σο{Ε) at E = 0.451 eV was set to 1 for a more clear presentation. Note, that in 
paper II and Ref. [14], all data was plotted relative to σ0{Ε) at E = 0.286 eV. 
Fig. 5 shows that the energy dependence of σο(Ε) in the SC calculations 
and the SC-Π calculations is much weaker than in the experiment. The en­
ergy dependence of σο(Ε) in the SC calculations is slightly better than in the 
MQCT calculations. This shows again that a more elaborate description of 
the dynamics of the reaction using the SC method has a weak, but positive 
effect. We have assumed that all trajectories that reach the harpooning ra­
dius, within the cone of acceptance, are reactive. Perhaps a better modeling 
of the harpooning mechanism using Landau-Zener type transition probabilities 
around the harpooning radii at R и 6.0 and at R и 8.5 bohr will yield better 
results for σ0(Ε). Another way to try to get more accurate results for the total 
reactive cross sections would be to improve the potential by including more 
Ca and/or CH3F states to introduce polarization and dispersion forces or by 
including Ca + and/or CH3F - states. However, from paper II we know that an 
R~3 model potential was needed to get OQ{E) within experimental error bars. 
Since the SC calculations do not improve very much upon the MQCT results, it 
seems reasonable to assume that an R~* potential is needed here as well to get 
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TABLE 2. σ0(0.068)/σ0(0.451) for different exit channels and different cut-off an­
gles. 
< T 0 | E ( 0 0 6 8 ) < Γ 0 Ι Δ ( 0 0 6 8 ) 
< Γ 0 , Ε ( 0 4 5 1 ) ( Τ 0 . Δ ( 0 0 6 8 ) 
60 1.15 0.59 3.40 
90 1.18 0.90 2.40 
120 1.26 1.39 2.07 
180 1.52 1.78 1.82 
agreement with experiment. Such a potential would be unphysical. Therefore, 
we conclude that probably more can be gained by a better description of the 
harpooning mechanism. 
The correlation model allows us to calculate σο(Ε) not only for the A2U 
exit channel measured in the experiment, but also for other exit channels. We 
will only use these results to compare the three exit channels and to calculate 
the branching ratios. Assuming that comparable errors are made for all three 
exit channels, the branching ratio is still meaningful. The results for σο(Ε) at 
E = 0.068 eV for the three exit channels for different cut-off angles are shown 
in Table 2. They are given relative to σο(Ε) at E = 0.451 eV, which was set to 
1, as stated previously. We only give the ratio between σο(Ε) at E = 0.068 eV 
and σο (E) at E = 0.451 eV here, since all curves are monotonously decreasing 
or increasing with energy. If we examine the model 60 calculations in Table 2, 
we see that the Β2Σ+ exit channel has an increasing σο,Σ(Ε) with energy. This 
seems surprising at first, but it can be understood qualitatively from the adi-
abatic PESs in Fig. 3. At low translational energies for model 60 calculations 
(in which ßü < 60° is reactive) most reactive trajectories are on the lowest 
two, attractive, surfaces and will therefore end up in a Δ (exit) channel. At 
higher energies, more trajectories on the highest surfaces are reactive. There­
fore, the percentage of the A'2 A state in the product drops at higher relative 
translational energies and the percentage of the Β 2 Σ + state rises. The A2H 
state lies in between the two other states and turns out to have a small negative 
dependence of σο(Ε) on the relative translational energy, see Table 2. At larger 
cut-off angles ßc the direct correspondence between the adiabatic surfaces and 
the exit channels diminishes. Thus, at larger cut-off angles the 5 2 Σ + curves 
show a less positive dependence on the relative translational energy and the 
A'2A curves a less negative energy dependence. The weak negative depen­
dence of A2U becomes slightly more negative. For a model 180 calculation one 
obtains three curves that are alike, as can be concluded from Table 2, fourth 
row, because the ordering of the adiabatic surfaces at large angles /Зд is exactly 
opposite to the situation at small angles /Зд. 
If one assumes that the effect of the different adiabatic surfaces averages 
model то.п(оовв) 
σ 0 , π ( 0 451) 
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TABLE 3. Branching ratio [σ0,ν(Ε)/σ0,τι(Ε)] between the Β 2 Σ + and the A2Yl exit 




































TABLE 4. Branching ratio [σ0,Λ(Ε)/σ0,π(Ε)] between the Λ'2Δ and the A2U exit 




































out at large cut-off angles, one expects the branching ratio [σοχ(Ε)/σο,π{Ε)] 
between the Β2Σ+ and the A2H exit channels to be around 0.5 for high energies 
and large cut-off angles, because the A2U exit channel is doubly degenerate. 
The branching ratio [σ0^(Ε)/σ0ίπ(Ε)] between the A'2A and the A2U exit 
channels is expected to be around 1, because both the A2U and the A'2A exit 
channel are doubly degenerate. This is indeed the case (see Tables 3 and 4). 
Based on our calculations, we predict a branching ratio between the Β2Σ+ 
and the A2U exit channels [ао,Е(Е)/аод(Е)] of approximately 0.5, relatively 
independent of the translational energy. This branching ratio lies between the 
branching ratio of 0.67 for the Ca + CH3CI reaction [55] and the branching ratio 
of 0.2-0.3 found for the Ca + CH3Br reaction [56]. In a gas cell experiment 
Janssen et al. measured branching ratios of 5.6 and 1 for the Ca + CH3F 
reaction, depending on the experimental setup [14,57]. The branching ratio 
between the A'2A and the A2U exit channels [а0,А(Е)/а0д(Е)] is predicted 
by us to be around 2.3 at E = 0.068 eV and around 1.2 at E = 0.451 eV. For 
these predictions we use a cut-off angle of 105 degrees, which appears to give 
the most accurate results in the calculation of σι
ι
π(-Ε)/σο,π(^') ( s e e Sec. IVA). 
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FIG. 6. SC results for σι(Ε)/σ0(Ε) for model 60, model 90, and model 120 calcu­
lations. Also the experimental data are plotted. 
C. Alignment effect, σ2(Ε)/σο(Ε) 
As shown in Fig. 6 the alignment effect 02(E)/σο(Ε) is reproduced within 
experimental scatter by model 60, model 90, and model 120 calculations using 
the SC approach without using the correlation model. As it turns out the 
results for σί(Ε)/σο(Ε) are very insensitive to the cut-off angle used. The 
result for the SC-Π calculation resemble those for the SC calculation and are 
therefore not shown here. 
The results for the Β2Σ+ and the A'2 A exit channel do not differ very much 
from the results for the A2H exit channel. Apparently, the alignment effect is 





 and the A'2A exit channels are not shown here. 
D. Trapping and reorientation 
We wish to examine the role of trapping and reorientation in the dynamics of 
the Ca + CH3F reaction. Classical trajectory calculations on model potentials 
and on the long range potential have shown earlier that both the effect of 
trapping and of reorientation on the steric effect can be quite significant. The 
effect of trapping seemed to be dominant. 
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FIG. 7. SC trajectories at E = 0.119 eV. Note that initially Φ = 0, since the 
trajectories start in the xz-plane. 
Trapping and reorientation are expected to be strongest on the lowest adi-
abatic surface for a "favorable" orientation, because the PES is strongest and 
most anisotropic in that situation. Therefore, we examine both trapping and 
reorientation in calculations, starting with initial conditions Ni = 1 (i.e., us­
ing the eigenvector of V ^ with the lowest eigenvalue [see Eq. (15)] as startup 
vector for Ca) and M¡ = 1 (i.e., the projection of the initial rotational angular 
momentum J{ = 1 on the SF z-axis equals 1). The SC trajectories are plotted 
in Fig. 7. They are run at 0.119 eV for 14 different impact parameters evenly 
distributed in b2 between b = 0 and b = 8.11 bohr (larger impact parame-
ters were not reactive). As is evident from this figure, there is a considerable 
amount of trapping on this surface. The trajectory with the largest impact 
parameter even flies around the molecule to end up at the "bottom-side" of the 
"sphere of harpooning", the sphere with the harpooning distance as radius. 
We also find a considerable amount of reorientation on this surface at all im-
pact parameters. In Fig. 8 we plotted the initial distribution function Q^ (α, β) 
(see Eq. (26) for the C-F axis in the SF frame [panel (a)] and the final distri­
bution function Q^(a,ß) for impact parameters b = 6.36 bohr [panel (a)] and 
6 = 7.79 bohr [panel (b)]. Note that for both final distribution functions the 
initial distribution function is the same! As is clear from these pictures, there 
is reorientation not only in the /3-angle, but also, and more pronounced, in the 
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FIG. 8. Initial SF probability distribution QM(a,ß) for the C-F axis [panel (a)]. 
Final SF probability distribution QM{a,ß) at 6 = 6.36 bohr [panel (b)] and at 
b = 7.79 bohr [panel (с)]. The arrow designates the position of the atom. Note that 
for both final probability distributions the initial probability distribution is the same. 
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α-angle. The arrows in panels (b) and (c) show where the atom hits the sphere 
of harpooning. This gives a possible explanation why the energy dependence 
of the steric effect for the reaction model without correlation is too weak for 
ßc between 90 and 120 degrees. Because the molecule reorients to follow the 
atom, it partly cancels the influence that the trapping of the trajectories with 
the higher impact parameters has on the steric effect. At higher energies the 
influence of both trapping and reorientation will diminish, resulting in a weak 
energy dependence of the steric effect. 
The orientational localization of the wave function, which is evident in Fig. 8, 
has an interesting implication. It shows that CH3F in this calculation behaves 
more or less as a classical rotor and explains why our rotational basis set had to 
include basis functions up to Jmax = 15 to converge. This also implies that a 
classical approach should be able to produce results with a similar accuracy as 
the SC approach, provided that a quantum-like way of sampling the orientation 
of CH3F in the initial rotational state is used, as in the MQCT calculations in 
paper II. That this is the case was shown in·Sees. IVB and IVA. 
Fig. 9 shows Q^(a,ß) at R = 10.0 bohr [panel (a)], R = 8.0 bohr [panel 
(b)], and R = 6.0 bohr [panel (c)], for a trajectory with an impact parameter of 
8.11 bohr. The position of the atom in this frame is indicated by an arrow. This 
trajectory was taken, because here the effect of reorientation and orientational 
localization of the probability distribution was most pronounced. As is clear 
from the sequence of pictures, the wave function first localizes to a relatively 
narrow distribution. This distribution then reorients to follow the atom as it 
approaches. It even ends up on the same side of the sphere of harpooning as 
the atom. Note, that the peaks at a — π and α = —π in panel (c) are in fact 
one peak. 
Б. Evolution of the electronic state of Ca 
As explained in Sec. IIH, we have chosen three representations in which to 
study the evolution of the electronic state of Ca in the SC calculations. For the 
first representation, the populations of the 1D substates 0.μ (t) in the SF frame 
are monitored. Since the populations depend on the initial conditions, we have 
chosen a few characteristic examples. The impact parameter ò is 6.0 bohr and 
Mi = 1 in all cases discussed. The trajectories at E = 0.119 eV for Ni = 5 are 
not reactive. Therefore, we have chosen to plot the probability functions up to 
R = 7.5 bohr to get the same lower limit for R in all plots. 
Fig. 10 shows the change in the populations as a function of R at E = 
0.119 eV for initial states N¡ = 1 (i.e., using the eigenvector of V(K) with the 
lowest eigenvalue [see Eq. (15)] as startup vector for Ca) and Ni = 5 (i.e., using 





























FIG. 9. SF probability distribution Q(-K\a,ß) for the C-F axis at 6 = 8.11 bohr. 
Panel (a): R - 10.0 bohr. Panel (b): Я = 8.0 bohr. Panel (с): R = 6.0 bohr. The 
arrow designates the position of the atom. 
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the eigenvector of V ^ with the highest eigenvalue as startup vector). Fig. 10 
contains cumulative plots, i.e., the area between two curves is the population 
of a certain state as indicated by the double-headed arrow in the figure. It is 
evident from these figures that μ is not a conserved quantum number, i.e., that 
the evolution of the electronic state of Ca is far from diabatic. The scrambling of 
μ starts already at relatively large separations (R « 20 bohr). Note that at this 
radius the energy splitting between the five electronic surfaces is comparable 
to the rotational excitation energies of the CH3F molecule. For all JV¿ the wave 
function at R = 7.5 bohr is almost evenly distributed among the five (diabatic) 
μ substates. In Fig. 11, we plotted the populations for the 1D substates for the 
Ni = 1 initial state at a relative translational energy of 0.451 eV. Clearly, the 
μ-scrambling starts at a shorter distance than in Fig. 10, panel (a). This shows 
very nicely that a higher translational energy is equivalent to an effectively 
weaker potential. 
In the second representation, the lD populations in the DF frame, V¿(t) 
[see Eq. (29a)], are monitored. For N = 1 and Ni = 5 at 0.119 eV these 
are plotted in Fig. 12 as a function of R. It is clear from the panels in this 
figure, that also Λ is not a conserved quantity. This implies that the "orbital 
following" model in terms of the "pure" 1 D states in the DF frame provides a 
poor description of the evolution of the electronic state of Ca for this system. 
However, if one compares Fig. 12 to Fig. 10, it is clear that the evolution 
of the electronic state of Ca is represented better in representation 2 than 
in representation 1, i.e., that Λ is better conserved than μ. The results at 
E = 0.451 eV do not provide any additional insight and will not be discussed 
here. 
In the third representation, the populations of the eigenstates of the interac­
tion matrix in the DF frame JVjy (t) [see Eq. (32)] are monitored. For Ni = 1 
and Ni = 5 at 0.119 eV these are plotted in Fig. 13. The curves in Fig. 13, 
panel (a) are relatively flat, which means that the adiabatic description fits the 
evolution of the electronic state of Ca for this initial state (N, = 1) rather well. 
Only at relatively short distances, is there a substantial deviation from pure 
adiabatic behavior. For Ni = 5 in Fig. 13, panel (b), the situation is somewhat 
different. Here, the evolution of the electronic state of Ca is apparently more 
non-adiabatic than in the calculation for Ni = 1. This results in more deviation 
from a flat curve than in Fig. 13, panel (a). To be more precise, the population 
of the higher adiabatic curves drops during the collision, whereas the lower two 
states become more populated. In this way electronic energy is released during 
the collision. 
Concluding, we find that the collision of Ca + CH3F follows an almost adi­
abatic pathway for the lowest initial state (i.e., Ni = 1). For higher initial 
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FIG. 10. Cumulative population of the lD substates of Ca in the SF frame for 
6 = 60 bohr, M,=l, E = 0 119 eV Panel (а) ΛΓ, = 1 Panel (b) N, = 5 
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FIG. 11. Cumulative population of the lD substates of Ca in the SF frame for 
6 = 60 bohr, Αί,=1, E = 0 451 eV, and N, = 1. 
states (i.e., Nt > 1) non-adiabatic effects start to play a larger role. This ex­
plains the observation that the difference between the SC calculation of σο(Ε), 
σι(Ε)/σ0(Ε), and σ2(Ε)/σο(Ε) and the MQCT calculation is rather small. 
Namely, if the reaction is largely adiabatic, then the MQCT description should 
yield the same results as the SC calculations, provided that the motion of 
the particles is represented well by a classical description. We have argued in 
Sec. IV D that this is the case. 
We checked whether we could get a different amount of adiabatic behavior by 
using a different method of generating initial states. Starting in the (complex) 
lD substates with μ = —2,...,2 yielded practically the same results as our 
method with regard to the amount of non-adiabatic transitions. Any other 
definition of the starting Ca wave function that we tried yields more non-
adiabatic transitions. 
V. CONCLUSIONS 
We have performed semiclassical calculations on the Ca( 1D) + CH3F reactive 
system. The potential for this reaction consists of five, asymptotically degener­
ate PESs. In the calculations the relative motion of Ca with respect to CH 3 F 
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FIG. 12. Cumulative population of the 1D substates of Ca in the DF frame for 
6 = 60 bohr, M,=l, E = 0 119 eV Panel (a) N, = 1 Panel (b) N, = 5 
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FIG. 13. Cumulative population of the eigenstates of the interaction matrix in the 
DF frame for 6 = 6 0 bohr, Λί,=1, E = 0 119 eV Panel (a) Ν, = 1 Panel (b) 
N, = 5 
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tronie states of the Ca atom were treated quantum mechanically. To calculate 
the cross sections we used two different reaction models, which we referred to 
as the correlated model and the uncorrected model. In the correlated model 
it is assumed that the projection of the electronic orbital angular momentum 
on the intermolecular axis is conserved as the electronic orbital angular mo­
mentum quantum number of the CaF product. This gives us the possibility to 
examine the three CaF products (Л2П, Β 2 Σ + , and A'2A) separately. In the 
uncorrected model we assume that the branching ratio for the different exit 
channels is energy independent, which means that the three exit channels can 
not be distinguished from each other. 
The results for σι
ι
π(Ε)/σο,τι(Ε) calculated with the correlated model repro­
duce the experimental results very well. It is possible to choose a cut-off angle 
such that they almost match (ßc = 105°). Using the uncorrected model we 
could not get agreement with experiment. In this case the steric effect is either 
too large (for small cut-off angles) or its energy dependence is too weak (for 
large cut-off angles). Comparison with the MQCT results from paper II shows 
that the SC results calculated with the uncorrected model are in slightly better 
agreement with experiment. Thus, it is apparent that the semiclassical descrip-
tion of the dynamics has a small positive influence on the results. However, the 
reaction model has a larger influence. This adds credence to the validity of the 
MQCT approach for this problem. Furthermore, we think that if a similar cor-
relation approach is implemented in the MQCT framework, already the MQCT 
calculations will reproduce the experimental results for συι(Ε)/σο,π(Ε). 
We have given a more detailed analysis of some characteristic trajectories to 
illustrate the behavior of the calculated steric effect. On the attractive surfaces 
we find a large amount of trapping, which should lower the steric effect, as 
found already in paper II. However, the same trajectories that fly around the 
molecule and hit the sphere of harpooning on the back side, also show a large 
amount of reorientation of the CH3F molecule. This partly cancels the effect 
of trapping and results in a higher steric effect. 
With regard to the total cross section for unoriented molecules for the reac­
tion to the Α2Π state, σο,π(Ε), we could not obtain agreement with experiment, 
neither for the correlated nor for the uncorrected approach. Apparently, a key 
element to reproduce the experimental results for σο,π(Ε) is missing from our 
calculations. There are a few possibilities for that. The description of the har­
pooning mechanism might be not elaborate enough or perhaps the potential 
is not sufficiently accurate. In the former case, improvement is needed in the 
description of the energy dependence of the harpooning probability. The use 
of a Landau-Zener type transition probability function to model the harpoon­
ing mechanism might lead to better agreement with experiment. In the latter 
116 Chapter 4: Semiclassical calculations on Ca(x.D) + CH3F 
case, more Ca and/or CH3F states to introduce induction and dispersion forces 
and/or C a + and/or CH3F - states have to be included in the calculation. At 
this moment we have a preference for the first case, in view of the results for 
σ0{Ε) and σ0,η(Ε) (see Sec. Г В). 
The results for the alignment effect, σ2,η(Ε)/σο,π(Ε), reproduce the experi­
mental data for both the correlated and the uncorrected approach. Apparently, 
the alignment effect is not as sensitive to the reaction model as the steric effect. 
Using the correlated approach, we were also able to predict the results for the 
CaF ( Β 2 Σ + ) and CaF (A12A) product channels. These were not measured by 
Janssen et al. due to experimental limitations. With regard to the steric effect, 
<^ιχ(Ε)/σο,Σ{Ε) will be slightly higher than σι,η(Ε)/σ0,π(.Ε) with approxi­
mately the same energy dependence. For the A'2A state, ffii¿k(E)/ao<¿í(E) 
will be higher than σι
ι
η(Ε)/σο,π(Ε). Furthermore, its energy dependence will 
be negative. This might seem an unexpected result, but it can be understood 
from the symmetry of the adiabatic surfaces in the Ca + CH3F system. The 
results for aotz(E) and ао.д(-Е) are used to calculate the branching ratios for 
the three exit channels. For the branching ratio Β 2 Σ + /A 2 Tl we predict a value 
of approximately 0.5, which will be relatively independent of energy. For the 
branching ratio A'2A/A2U we predict a value of 2.3 at E = 0.068 eV and 1.2 
at E = 0.451 eV. 
Lastly, we examined the evolution of the electronic state of Ca in three 
different representations. We have shown in Sec. IV E that the evolution is 
best represented in an adiabatic basis set. This means that the amount of 
non-adiabatic transitions for this system is low, especially if one starts on the 
lowest potential energy surface. From the other representations we conclude 
that the "orbital following" model in terms of "pure" Ca states [43,46,47] can­
not completely describe the evolution of the electronic state of Ca. Still, the 
projection A of the electronic angular momentum of Ca on the dimer axis R 
is partly conserved, whereas its projection μ on the direction of the relative 
initial velocity vector is completely scrambled. 
Concluding, it can be said that the SC method in itself does not strongly 
improve the MQCT results for the steric effect. However, using the SC method, 
we have included the electronic state of the atom in the reaction model, which 
leads to much better agreement with experiment for σι,η(Ε)/σο,η{Ε). Fur­
thermore, we now have introduced a way to calculate the branching ratio to 
the different exit channels for the Ca + CH3F reaction. 
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Chapter 5 
Semiclassical calculations on the energy 
dependence of the steric effect for the reactions 
C a ^ D ) + CH 3 X (JKM = 111) -• 
CaX + CH 3 with X = F, CI, Br
1 
Anthony J. H. M. Meijer, Gerrit С. Groenenboom, 
and Ad van der Avoird 
Institute of Theoretical Chemistry, NSR Center, University of Nijmegen, 
Toernooiveld, 6525 ED Nijmegen, The Netherlands 
Abstract 
In this article we investigate the energy dependence of the steric effect 
for the title reactions with X = F, CI, Br and CaX in the excited states 
A2U, Β 2 Σ + , A'2 A. We use a semiclassical method [A. J. Η. M. Meijer, 
G. С. Groenenboom, and Α. van der Avoird, J. Chem. Phys. accepted]. 
The rotation of the CH3X molecule and the asymptotically degener­
ate electronic states of the interacting atom and molecule are treated 
quantum mechanically. To describe the reaction we use a model which 
correlates the projection of the electronic angular momentum on the 
intermolecular axis with the projection of the electronic orbital angu­
lar momentum on the diatomic axis [M. Menzinger, Polon. Phys. Acta 
A73, 85 (1988)]. We conclude that with this model it becomes possi­
ble to reproduce and explain the observed negative steric effect for the 
Ca( x D) + CH3CI {JKM = 111) -• СаС1(Б2Е+) + CH 3 . Furthermore, 
we conclude that the differences between the measured steric effects for 
the three reactions studied can be attributed to differences in the "cone 
of acceptance" for the three molecules studied. We find that the "cone 
of acceptance" increases when going from CH3F to CH3CI or СНзВг, 
as might be expected. 
*A. J. H. M. Meijer, G. С. Groenenboom, and Α. van der Avoird, submitted to J. 
Phys. Chem. 
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I. INTRODUCTION 
There have been a number of studies into the role of reagent orientation in 
chemical reactions. One of the methods used to orient symmetric-top (like) 
molecules in such an experiment is the hexapole technique. In this method a 
hexapole field is used to select a certain rotational state, labeled by the sym­
metric top quantum numbers J, K, and M. A hexapole field combined with 
a homogeneous electric field allows control over the (average) spatial orienta­
tion (given by angle β) of the molecular symmetry axis with respect to the 
relative velocity of the colliding particles [1-14]. Other methods to control the 
orientation of molecules have been reported as well, see e.g., Refs. [15-20]. 
In this article we focus on the experiments for Ca (*£>) + CH3X (JKM = 
111) -• СаХ(Л2П, Β2Σ+, Α'2Δ) + CH3 with X equal to F, Cl, or Br by 
Janssen, Parker, and Stolte [14,21]. They measured the steric effect as a func­
tion of the relative translational energy for some of the exit channels for these 
reactions. The steric effect for the (JKM = 111) rotational state is defined as 
the difference between the reactive cross section for favorably oriented molecules 
(meaning that the X atom points towards the Ca atom) and the reactive cross 
section for unfavorably oriented molecules (CH3 group first), normalized to 
the total reactive cross section for unoriented molecules. Only the CaF(j42II), 
the CaCl(B 2 E + ), and the СаВг(Л2П) exit channels were measured, because of 
experimental limitations. 
Most theoretical studies on orientational effects in chemical reactions employ 
some version of the Angle Dependent Line of Centers (ADLC) model to de­
scribe the reaction probability. In the ADLC model the molecule is assumed to 
be surrounded by an energy barrier, visualized as an imaginary sphere. Atoms 
are only reactive if they have sufficient radial kinetic energy to surmount the 
barrier. One could take this barrier proportional to the cosine of the angle /Зд 
between the symmetry axis of the molecule and the intermolecular axis. From 
this model one predicts a decreasing steric effect for increasing translational 
energies, because at higher energies a wider range of angles 0R is able to re­
act. This behavior has been observed experimentally, e.g., for the Ba + N 2 0 
reaction. 
For Ca + CH3F (JKM = 111) -^ CaF (Л2П) + CH3 Janssen et al. found 
an increasing steric effect with increasing energy. This result could not be 
explained using the ADLC model. It was tentatively explained in terms of 
reorientation of initially unfavorably oriented CH3F molecules towards the ap­
proaching Ca atom. Reorientation would scramble the initially prepared orien­
tation and thereby lower the steric effect. At higher energies there would not 
be sufficient time for this reorientation to occur and the steric effect remains 
high. The reorientation was assumed to be caused by anisotropic terms in the 
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long range interaction between a quadrupole moment on Ca and the permanent 
multipole moments on CH3X. Although an isolated atom cannot have a perma-
nent multipole moment, the electric field of the approaching molecule will split 
the fivefold degenerate lD state of Ca. This gives rise to five (asymptotically 
degenerate) substates, each of which has a quadrupole moment. 
Another explanation for the observed steric effect was found in quasiclassical 
trajectory calculations on an isotropic model potential in paper I [22]. As it 
turns out, atoms with large impact parameters will fly around the molecule 
and hit it at the back, thus counteracting the effect of the initially prepared 
orientation. We called this phenomenon "trapping". Trapping will decrease the 
steric effect. At higher energies these trajectories with large impact parameters 
will fly by the molecule and be non-reactive, thus increasing the steric effect. 
In paper II [23] we showed that quasiclassical trajectory calculations, using 
the long range potential defined above and the Modified Quasi Classical Tra-
jectory (MQCT) approach from paper I, confirm the importance of trapping. 
However, its effect is partly canceled by reorientation of initially favorably ori-
ented molecules in such a way that they follow the approaching Ca atom, even 
if this atom is trapped and, without reorientation, would hit the molecule in 
the back. The cancellation of the effects of reorientation and trapping resulted 
in a steric effect that did not reproduce the experimental data. 
Also a semiclassical (SC) method was developed to try to reproduce the ex-
perimentally observed steric effect (see paper III [24]). In semiclassical methods 
some coordinates are treated classically using Hamilton's equations of motion. 
Other coordinates are treated quantum mechanically using the time-dependent 
Schrödinger equation. Hence, in our calculations a quantum mechanical wave 
function, describing the rotation of the molecule and the electronic degrees of 
freedom of the atom, and a classical particle, describing the relative motion of 
the colliding particles, are propagated simultaneously in time from 30 bohr to 
the harpooning radius at 6.0 bohr. Up to this point the scattering is assumed 
to be non-reactive, but possibly inelastic. This SC method yielded better re-
sults than the MQCT approach in paper II, but still did not yield agreement 
with experiment. 
In the MQCT calculations and in the SC calculations it was assumed in first 
instance that the branching ratio for the different exit channels was energy 
independent (we called this the "uncorrected model"). Later, in paper III, 
we also introduced the "correlated model" (proposed by Menzinger in 1988 
[25,26]), which makes a different assumption. This model correlates the elec-
tronic angular momentum of the atom at the moment of reaction to the final 
electronic angular momentum of the product. Evidence for such a correlation 
has been found experimentally [27-30]. Using this model together with the SC 
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method it Ьесалге possible to reproduce the experimentally measured steric 
effect for the CaF(A2II) exit channel. Also predictions were made regarding 
the steric effect for the Β 2 Σ + and A'2A exit channels. 
In this article we want to examine the negative steric effect measured for Ca 
+ CH3CI (JKM = 111) -> CaCl(B2E+) + CH 3 . This negative steric effect 
cannot be explained using the standard ADLC model. Furthermore, we look 
at the Ca + CH3Br reaction, also measured by Janssen et al. [21]. In Sec. II 
we discuss the main physical ideas and models on which our calculations are 
based. In Sec. Ill we give some computational details. In Sec. Г we discuss 
the results for the Ca + CH3CI and Ca + СНзВг reactions and compare them 
to the results of paper III on Ca + CH3F and to the experiment. We also 
give predictions for the exit channels that were not measured experimentally. 
Lastly, in Sec. V we draw some conclusions regarding the differences between 
the three systems and regarding the accuracy of the methods used. Finally, we 
point out where we think that our calculations might be improved. 
II. THEORY 
For a detailed discussion of the theory used in this paper we refer to paper III 
[24]. Here, we only give an outline and focus more on the underlying chemical 
and physical models and ideas. 
In the experiments by Janssen et al. on the reactions between Ca and CH3X 
[21,14], Ca atoms in the XD state were used. This lD state is a metastable 
excited state of the Ca atom at 2.71 eV above the ground state. The life time 
of this state is approximately 1.7 ms [31] and it has a fivefold degeneracy. Its 
components with respect to the initial velocity vector (taken to be the z-axis 
of a Space Fixed (SF) frame) are labeled by the magnetic quantum number 
μ = - 2 , . . . , 2 . However, the presence of an electric field from the molecule 
lifts this degeneracy and gives rise to 5 (adiabatic) substates, labeled by N. 
The electronic state of Ca is treated quantum mechanically in our calculations 
in order to include this "preparation" of the adiabatic states, as well as non-
adiabatic energy transfer. We restrict the description of the electronic state 
of Ca to the five components of the XD state and the CH3X molecule to its 
electronic ground state. We expand the interaction operator in a multipole 
series. Hence, we get an electrostatic long range potential in which the Ca atom 
is represented by the 5 x 5 quadrupole matrix of the XD state. The electronic 
state of the CH3X molecule enters the potential through the dipole moment 
(Qo), the quadrupole moment (Qo), and the octupole moment components 
(Qo) and (Q3)· We wish to emphasize here that if we were to include also 
other interactions, such as induction or dispersion, we would have to include 
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also other electronic states of Ca and CH3X. 
The CH3X molecules are treated in our calculations as rigid symmetric 
top molecules. Their rotational state is labeled by the symmetric top quan­
tum numbers J, K, and M. The experiment prepares molecules in the 
(J,K,M) = (1,1,1) state. We treat the rotation of the molecule during the 
collision quantum mechanically, because the quantum mechanical description 
of such a low J-state is totally different from the classical description. In the 
experiment the CH3X molecules are rotationally state selected by a hexapole 
field. Subsequently, they pass through two different homogeneous electric fields. 
The first field, the guiding field, orients the molecules in the laboratory frame 
and is used to ensure that the state selection is preserved between hexapole and 
reaction chamber. The second field, the harp field, is placed in the reaction 
chamber and orients the molecules with respect to the direction of the incom­
ing atoms. In the experiment three different reaction geometries are used, in 
which the Ca atom always approaches from the +z-direction. In the first reac­
tion geometry the C-X axis is preferentially oriented towards the approaching 
Ca atom. This will be called the favorable orientation. It corresponds to a cal­
culation starting in a (J, K, M) — (1,1,1) state. To obtain the second collision 
geometry, the direction of the homogeneous electric field is reversed. Hence, the 
C-X axis is preferentially oriented away from the approaching Ca atom. This 
will be called the unfavorable collision geometry. It corresponds to a calcula­
tion starting in a (J,K,M) = (1,1, -1) state. In the third collision geometry, 
the homogeneous electric field is switched off. The molecule will still be (J, K) 
state selected, but its orientation with respect to the atom is now randomized. 
We perform additional calculations starting in a (J, K, M) = (1,1,0) state and 
obtain the result for randomly oriented molecules as the average over the three 
calculations with M = —1,0,1. 
The initial conditions for the calculations are labeled by к = 
{b,Jl,Kl,Mx,Nl)ì where b is the impact parameter for the collision, while J,, 
Kt, and M, are the initial rotational states of the CH3X molecule. In our cal-
culations Jt and Kx are always 1 and M, is 1, 0, or —1, as discussed above. 
Lastly, І , labels the initial (adiabatic) electronic state of the Ca atom. These 
states are defined to be the eigenvectors of the interaction matrix averaged over 
the initial orientational probability distribution of the CH3X molecule in the 
rotational state ( Jt, Klt M,). The states TV, are constructed this way to ensure 
that the evolution of the electronic state of Ca is as adiabatic as possible, which 
makes the semiclassical method most reliable (see paper III, Sec. ILF.). The 
states Nt are not equal to the adiabatic states N of the Ca + CH3X systems, 
which would be a more obvious choice for the initial electronic states of the Ca 
atom. However, it is not possible to start in a pure adiabatic state TV and at 
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the same time in a pure rotational state (J, K, M), because the adiabatic states 
are defined for a given orientation (a, /3,7) of the CH3X molecule, whereas in 
our calculations we deal with molecules that are initially in a pure quantum 
state (Ji,Ki,Mi). 
The relative motion of the colliding particles is described by classical me­
chanics in such a way that the total energy of the system is conserved during 
the collision [24,32-38]. However, microscopic reversibility is not obeyed, i.e., 
the probability of an excitation from state η to state n' is not equal to the 
probability of the reverse process. Methods have been published to circumvent 
this problem (see e.g., Refs. [37] and [38]). However, since the rotational energy 
is initially approximately 0.5 % of the relative kinetic energy and since it never 
exceeds 4 % during the propagation, the violation of microscopic reversibility 
will be small [38] and we have not implemented these methods. 
During the collision we monitor three different phenomena: trapping, re­
orientation, and the evolution of the electronic state of Ca. Trapping is the 
phenomenon that an atom approaching the molecule with a large impact pa­
rameter can be "captured" by the potential. In that case, it will fly around 
the molecule and may collide with it at the "back". If this happens, the ini­
tially prepared orientation of the molecular symmetry axis with respect to the 
atom will be scrambled. The second effect is reorientation, which counteracts 
the effect of trapping. If it occurs, an initially favorably oriented C-X axis 
will rotate to follow the approaching atom until the two particles collide. The 
third phenomenon we investigate is the evolution of the electronic state of the 
Ca atom. In order to determine what model describes the electronic behavior 
best, we monitor the populations of the electronic states in three different rep­
resentations. In the first representation we monitor the populations Ο,μ (t) of 
the diabatic lD substates, labeled by μ, in the space fixed (SF) frame. In the 
second representation the lD substates, labeled by Λ, refer to the DF (dimer 
fixed) frame in which the intermolecular axis is the .z-axis. The populations 
V£ \t) of the 1 D substates are monitored. If the populations of the different 
substates in this frame do not change significantly during the collision, we are 
dealing with so-called "orbital following" [25,28,39]. In the third representation 
we examine the populations Νχ (t) of the 5 adiabatic states, labeled by N, of 
the Ca + CH3X system. These adiabatic states are obtained by diagonalizing 
the 5x5 interaction matrix. 
When the two particles collide, reaction is assumed to occur through a har­
pooning mechanism. In other words, if an atom hits the reactive part of the 
molecule, an electron jumps from Ca to CH3X at a certain distance Rh, form­
ing Ca + and CH3X~. This distance Rh is called the harpooning distance. The 






, A'2A) and СНз without forming an intermediate reaction complex. 
The reactive part of the molecule is modeled by a modified version of the An­
gle Dependent Line of Centers (ADLC) model [22-24,40-43]. In this model 
the molecule is surrounded by an imaginary sphere. Part of this sphere is con­
sidered reactive and part is considered non-reactive. The boundary between 
these two parts is given by the so-called cutoff angle ßc, which defines the 
"cone of acceptance". If the angle between the symmetry axis of the CH3X 
molecule and the point where the atom hits the sphere, /Зд, is smaller than the 
cutoff angle, the trajectory is considered reactive. If ßn is larger than ßc, the 
trajectory is non-reactive. A reactive trajectory (collision) can lead to three 
different reaction products, СаХ (A2U), CaX (Β 2 Σ+), or CaX (A12A). In the 
case of Ca + CH3F and Ca + CH3Br, the Л
2
П exit channel was measured. 
The Β2Σ+ exit channel could not be measured due to experimental difficulties. 
For CH3CI only the Β 2 Σ + exit channel was measured. The Α'2 Δ exit channel 
was not measured in any of the experiments, because it is a metastable species, 
which lives too long to be detected in the setup used. The three exit channels 
are labeled by the projection, A/, of the electronic angular momentum on the 
CaX axis (Β 2 Σ+ -> \f = 0, A2U -> A/ = 1, A'2A -> A/ = 2). In experiments 
by Rettner and Zare [27,28] on Ca + HCl and Ca + CI2 and in experiments 
by Soep et al. [29,30] it was found that this projection on the symmetry axis of 
the product is more or less conserved during the reaction. Hence, we assume 
that this is also the case for the reactions studied in this article. However, 
since the rotation of the CH3X molecule is described quantum mechanically, 
it is much more convenient to use the projection, A, of the electronic angular 
momentum on the intermolecular axis, instead. This approximation is not very 
severe, since the intermolecular axis makes an angle of at most 10° with the 
Ca-X axis, when the Ca atom has arrived at the harpooning radius of 6.0 bohr. 
This model to determine the electronic state of the product molecule from the 
projection of the electronic angular momentum on the intermolecular axis, pro­
posed by Menzinger in 1988 [25,26], is called by us the "correlated model". To 
investigate the influence of this model on the cross sections, we also examine 
the trajectories using a more approximate model. In the "uncorrected model" 
the reactive trajectories all proceed to the same reaction product, regardless of 
the electronic state at the moment of harpooning. This assumption is equiva­
lent to assuming that the branching ratio for the different products is energy 
independent. 
The trajectory calculations have to be performed for a number of impact 
parameters b and five initial electronic states JVj to obtain a reactive cross 
section σ
Λ
 " " (E) for a certain exit channel Λ/ (Σ,Π, or Δ) and a cer­
tain initial rotational state (J¿, КІ, MÍ). With these cross sections, we examine 
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three different properties as a function of the translational energy: the to­
tal reactive cross section for unoriented molecules, σ0'κ (E), the steric effect, 
σ ί Χ ^ / σ & Ϊ ^ ) . a n d t h e alignment effect, σ$£]{Ε)Ισ$£){Ε). The total 
cross section for unoriented molecules is measured directly in the experiment. 
In the calculations it is the average of the cross sections for the different M-
states. Hence, for an exit channel Λ/ the total cross section for unoriented 
molecules initially in a (J,, Kt) = (1,1) rotational state, CT¿ Λ (E), is given by 
* ? ( £ ) = ¡ t < д , л # , , ( я > · CD 
м,=-і 
For an exit channel Л/ the steric effect σ\^'(Ε)Ισ^'Ρ(Ε) is calculated as 
J-l'^(W\ Л1Л^(1А J1·1-1^^ 
_(і,і)/рл - „ ( U W ' ^ ' 
σ
ο,Λ/ №> σο,Λ/ \ ) 
and the alignment effect σ^)(Ε)/σ^{Ε) as 
„ ( U b ™ 




In the uncorrelated model the total reactive cross section for unoriented 
molecules, σ^ ' (E), the steric effect, σ\ ' '(Ε)Ισ$ ' (E), and the alignment 
effect, Oj ' {E)/GQ ' '(E) are calculated using the same formulas as in the 
correlated model, but without the exit channel specification Λ/. 
Since we only discuss experiments with molecules initially in the (Jt,Kt) = 
(1,1) state, we drop the (1,1) label from now on. 
III. COMPUTATIONAL DETAILS 
To perform the calculations the same program was used as in paper III. It uses 
a variable order, variable step Adams-Gear integrator from the NAG-library 
[44] to propagate the trajectories (subroutine "D02CJF"). The tolerance for 
the propagation was set to 1 0 - 6 . This means that the energy and the norm of 
the wave function are conserved up to 4 to 6 significant figures. 
The results for CH 3 F are taken from paper III. For CH3CI and CH3Br cal­
culations were performed at six and two translational energies, respectively. 
These energies coincided with the experimental energies used by Janssen et al. 
[21]. The experimental values for σο(Ε) and σχ(Ε)/σο(Ε) for CH3CI are given 
*$;l'l)w+*% (1,1.-1) (E) 
r
(U) (E) 
- 2 (3) 
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TABLE 2. Experimental values of σι(Ε)/σο(Ε) for СНзВг at different energies. 
E(eV) σι(Ε)/σ0(Ε) 
0 319 0.11 
0 352 0.17 
in Table 1. The experimental values for σι(Ε)/σο(Ε) for СНзВг are given in 
Table 2. For СНзВг no values for σο(Ε) were measured. 
We have calculated the multipole moments for CH3CI and CH3Br up to the 
octupole moment at the self-consistent field (SCF) level as well as at the level 
of second order Möller-Plesset perturbation theory (MP2), using the ATMOL 
program package [45]. The (experimental) geometries for CH3CI and СНзВг 
were taken from Refs. [46] and [47], respectively. The basis sets for С and Η are 
given in paper II. The basis sets for CI and Br were taken from Ref. [48]. The 
results for CH3CI and СНзВг are given in Tables 3 and 4, respectively. As is 
clear from these tables the calculated dipole moments are slightly larger than 
the measured dipole moments. The calculated quadrupole moment of CH3CI 
is also too large compared to experiment. On the other hand, the calculated 
quadrupole moment of СНзВг falls within the experimental error bars. For the 
octupole moments no experimental data was found. 
For each translational energy, each electronic state Nt of the Ca atom and for 
each M, state, calculations were performed with 17 different impact parameters. 
These were equally distributed between 0 and 9.0 bohr, in such a way as to 
enable integration over b with the trapezoidal rule. The rotational constants 
used in the trajectory calculations were calculated from the geometries used 
in the electronic structure calculations. The maximum impact parameter of 
9.0 bohr turned out to be large enough not to miss any reactive trajectories. 
Each trajectory started at R = 30 bohr. The harpooning radius was taken to 
be 6.0 bohr for both CH3CI and CH3Br. Three cut-off angles /3C=90°, 120°, 
and 180° were used to determine the influence of the cut-off angle on the steric 
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TABLE 3. Permanent multipole moments for the CH3CI molecule in atomic units. 





















0.746 103 ± 0.000 090 ' 
0.91 ± 0.6 b 
"Experimental value. See Ref. [49]. Conversion factor: 1 a.u. = 2.541 58 D. 
bExperimental value. See Ref. [50]. 
TABLE 4. Permanent multipole moments for the СНзВг molecule in atomic units. 





















0.716 747 ± 0.000 327 ' 
2.64 ± 0.6 ь 
"Experimental value. See Ref. [51]. Conversion factor: 1 a.u. = 2.541 58 D. 
bExperimental value. See Ref. [50]. 
effect ала on its energy dependence. Therefore, the calculations will be called 
"model 90", "model 120", and "model 180" calculations, respectively. 
For the calculations we used an IBM RS/6000 390 workstation. The maxi­
mum J quantum number in the basis set was 30. Trajectories typically took 
70 minutes. For each trajectory the number of coupled equations was 198 558, 
the number of function evaluations was in the order of 300, and the memory 
use was in the order of 210 Mb. 
Г . RESULTS AND DISCUSSION 
The SC results using the correlated model for the CaX (Β 2 Σ+, A2U, Α'2Δ) 
exit channels will be designated by SC-Σ, SC-Π, and SC-Δ, respectively. The 
SC results using the uncorrected model for the Ca + CH3X reaction are desig­
nated by SC. Firstly, we discuss the potentials of the three systems, trapping, 
reorientation, and the evolution of the electronic state of Ca. Then we turn to 
the discussion of the cross sections. 
A. The interaction potentials 
The multipole moments used to construct the PESs are in Tables 3 and 4 
for CH3CI and CH3Br, respectively. The multipole moments for CH 3 F are 
taken from paper II. The adiabatic PESs for the Ca + CH 3F, Ca + CH3C1, 
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and Ca + CH3Br systems are given in Fig. 1 as a function of cos/Зд at Д = 
6.0 bohr, а д = 0°, and j R = 0°. The labels Σ, П, and Δ on the PESs 
are the symmetry character of the corresponding adiabatic eigenstates around 
ßR = 0 and /Зд = π, where the eigenstates are pure states. The three panels 
in this figure show that the potentials for these systems are in the same order 
of magnitude (between -0.3 and 0.3 eV). The most remarkable difference is 
that the order of the Σ, Π, Δ character of the PESs of the Ca + CH3CI and Ca 
+ СНзВг systems around /Зд = 0 is reversed with respect to the Ca + CH3F 
system. The reason for this difference between Ca + CH3F on the one hand 
and Ca + CH3CI and Ca + СНзВг on the other hand lies in the fact that 
the quadrupole moments of CH3CI and СНзВг are substantially larger than 
the quadrupole moment of CH3F and have a different sign. The difference in 
the Σ, Π, Δ character might seem large at first. However, if one inspects the 
dominant symmetry character of the eigenvectors belonging to a certain PES, 
defined by the sum over squares of the coefficients of the basisfunctions of a 
certain symmetry, between cos/Зд = 1 and cos/Зд = — 1, it turns out that only 
between cos/Зд = 1 and cos/Зд = 0.9 the symmetry assignments between the 
three panels are different. Between cos/Зд = - 1 and cos/Зд = 0.9 they are the 
same. 
B. Trapping and Reorientation 
We wish to examine the role of trapping and reorientation during the approach 
of the two colliding particles. From previous work [22-24] we know that both 
phenomena are important, especially at low energies on the attractive PESs. 
Furthermore, we know that the effects of trapping and reorientation on the 
reactive cross sections cancel each other to some extent. We will examine these 
phenomena for Ca + CH 3 F and Ca + CH3CI at the experimental energies 
E = 0.182 eV and at E = 0.177 eV, respectively. For Ca + CH3Br trapping 
and reorientation are not expected to be very important, because this reaction 
was only measured at relatively high translational energies. Therefore, we focus 
on Ca + CH3F and Ca + CH3CI and examine trapping for trajectories on the 
most attractive PES (N,=1), starting in a M¡ = 1 state (i.e., the projection of 
J on the space-fixed z-axis equals 1). 
A measure of the degree of trapping are the χ and ζ coordinates of the 
atom with respect to the molecule in the space fixed frame during the collision. 
If there is no trapping, then ζ is always positive (the atom approaches from 
the +z direction in all cases). Furthermore, in case of negligible trapping the 
x-coordinate will not change (straight-line trajectory). The y-coordinate is 
not very important, since the trajectories start in the zz-plane (3/ = 0) and 
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FIG. 1. Adiabatic PESs as function of cos/Зд at Я=6 0 bobr, ад = 0, and ηα = 0. 
Panel (a) Ca + CH3F, panel (b) Ca + CH3CI, panel (c): Ca + CH3Br 
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the deviation from this plane appears to be negligible. In Table 5 we give the 
initial coordinate X{ of the atom with respect to the molecule for both reactions 
in column 1 (z, is approximately 30.0 in all cases). In column 2 and 3 we give 
the coordinates (xf,Zf) at the harpooning radius, R = 6.0 bohr, for the Ca + 
CH3F reaction and in column 4 and 5 the coordinates (xj,Zf) at R = 6.0 bohr 
for the Ca + CH3CI reaction. We have omitted every second reactive impact 
parameter to obtain a more clear presentation. From this table it is clear that 
there is a considerable amount of trapping for both systems, especially for 
the trajectories with large impact parameters (large x<). There is not much 
difference between Ca + CH3F and Ca + CH3CI. Apparently, the influence of 
the larger reduced mass (и 20 %) of the Ca + CH3CI system is not visible at 
this energy. 
For both systems also a large amount of reorientation is found. We plotted 
the final probability function for the direction of the C-X axis in the SF frame 
(given by polar angle β and azimuthal angle a) for the Ca 4- CH3F reaction at 
b = 3.89,5.95, and 7.11 bohr in Fig. 2. For Ca + CH3CI the {β, a) probability 
functions at the same impact parameters are plotted in Fig. 3. In all cases the 
initial (β, a) probability distribution function corresponds to the (J, Κ, M) = 
(1,1,1) state and is given by Fig. 10, panel (a) in paper III. The position of 
the atom is indicated in each panel by the arrow. From these figures it is clear 
that for both systems, there is not only reorientation in the /9-angle, but also 
in the α angle. However, the two systems show remarkable differences for this 
phenomenon. For Ca + CH3F we see first a localization of the wave function 
around a = 0 and then a reorientation of this localized wave function to follow 
the atom in its motion around the molecule. For Ca + CH3CI we see that 
the wave function "splits", in the α angle and that it spreads in the β angle. 
The difference between Ca + CH 3F and Ca + CH3CI can be understood from 
differences in the PESs, plotted as a function of β and a. We plotted these 
PESs for a number of values of the coordinates and this shows that the wave 
function follows the potential. From this observation we conclude that the 
CH3F and CH3CI molecules behave more or less like classical particles with 
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FIG. 2. Final probability distribution at R — 6.0 bohr for the direction of the C-F 
axis as a function of the polar angle β and the azimuthal angle a at ò = 3-89 bohr 
[panel (a)], b = 5.95 bohr [panel (b)], and b = 7.11 bohr [panel (c)]. Initial conditions: 
E = 0.182 eV, M¿ = 1, and Ni = 1. Arrow designates position of atom. Panel (a): 
(xf,Zf) = (3.7,4.7). Panel (b): (x/, 2/) = (5.5, 2.5). Panel (c): (x/, г/) = (5.9,-1.0). 
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FIG. 3. Final probability distribution at R = 6.0 bohr for the direction of the C-Cl 
axis as a function of the polar angle β and the azimuthal angle α at 6 = 3.89 bohr 
[panel (a)], 6 = 5.95 bohr [panel (b)], and b = 7.11 bohr [panel (c)]. Initial conditions: 
È = 0.177 eV, Mi = 1, and Ni = 1. Arrow designates position of atom. Panel (a): 
(xf,Zf) = (3.7,4.7). Panel (b): (x/,zf) = (5.5,2.4). Panel (c): (xf,zf) = (5.9,-1.2). 
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respect to rotation. Quantum effects do not seem to be very important, except 
for generating the correct initial state distribution. 
C. Evolution of the electronic state of Ca 
As explained in Sec. II we have chosen three representations in which to examine 
the evolution of the electronic states of Ca. Again, we focus primarily on 
the difference between Ca + CH3F and Ca + CH3CI. Since the character of 
the electronic states depends on the initial conditions, we have chosen a few 
characteristic examples. The impact parameter is in all cases 6.0 bohr. The 
initial rotational state (J,,Ä",,Mt) is in all cases (1,1,1). 
In Fig. 4 we have plotted the populations QßK' (t) of the substates μ of the XD 
state of Ca with respect to the SF frame. The results for the Ca + CH3F and 
Ca + CH3CI reactions are shown in panels (a) and (b), respectively. Fig. 4 is a 
cumulative plot, i.e., the area between two lines is the population of a certain 
state, as is indicated by the double headed arrow. In both cases the trajectory 
was started on the most attractive initial PES (Nt = 1), which corresponds 
to a linear combination of the μ = 2 and μ = — 2 states. From Fig. 4 it is 
clear that the evolution of the Ca electronic state is far from diabatic, because 
in that case the populations would have been constant. The scrambling of 
the μ-states starts already at large separations (R и 25 bohr) both for Ca + 
CH3F and Ca + CH3CI. At shorter distances it seems that the wave function 
becomes prepared in a μ = 0 state. Inspection of the eigenvectors for the 
potential around the harpooning radius shows that at this moment the wave 
function is in an area of the potential where the most important eigenvectors 
have predominantly Σ character. Apparently, at this translational energy the 
wave function adapts itself almost instantaneously to the potential. At higher 
energies, this will no longer be true and the populations of the lD substates will 
resemble more the initial situation. It is interesting to note that the scrambling 
of μ is a very efficient process. One has to increase the translational energy to 
approximately 1000 eV to quench it completely. 
In Fig. 5 we examine the populations T>£ (t) of the lD substates Λ in the 
DF frame in which the intermolecular axis is the z-axis. Again, the trajectory 
is started in the Nt = 1 initial state, which in this frame corresponds to an 
almost pure Λ = ±2 state (= Δ symmetry). If the populations do not change, 
we may say there is "orbital following" [25,28,39]. As is clear from Fig. 5 this 
is not entirely the case, since the populations do change during the approach. 
It is clear, however, that Λ is better conserved than μ. The differences between 
Ca + CH3F in panel (a) and Ca + CH3CI in panel (b) are again minor. If we 
compare the Ca + CH3F results in panel (a) to the results in paper III, we see 
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FIG. 4. Cumulative population of the XD substates of Ca in the DF frame for 
b = 6.0 bohr, M ; = l , E = 0.119 eV, and N{ = 1. Panel (a): Ca + C H 3 F at 
E = 0.182 eV. Panel (b): Ca + CH3CI at E = 0.177 eV. 
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FIG. 5. Cumulative population of the 1D substates of Ca m the DF frame for 
6 = 60 bohr, Af,=l, E = 0 119 eV, and ЛГ, = 1 Panel (a) Ca + CH3F at 
E = 0 182 eV Panel (b) Ca + CH3CI at E = 0 177 eV 
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that the scrambling starts a little later, but that the amount of scrambling is 
comparable. Apparently, the fact that the energy for panel (a) is approximately 
1.5 times higher than the energy used in paper III is not very influential for 
the amount of scrambling. 
In Fig. 6 we examine the populations of the eigenstates N of the interaction 
matrix, as defined in paper III, Eq. (30). The results for Ca + CH3F do not 
differ much from the results in paper III. Therefore, they are not given here. 
Fig. 6, panels (a) and (b), shows clearly that Ni and N are not the same (see 
Sec. II). In fact, the calculation is started in a pure Ni state, but in a mixture 
of adiabatic states N. For a trajectory starting in the Ni = 1 state [Fig. 6, 
panel (a)] the populations of the adiabatic states N for Ca + CH3CI do not 
change much during the approach of the colliding particles. This means that 
the adiabatic description fits the evolution of the Ca lD states very well, as 
was the case for Ca + CH3F. Only at relatively short distances there is a 
substantial deviation from pure adiabatic behavior. It seems that the Ca + 
CH3CI curves in panel (a) are flatter than those for Ca + CH3F in paper III. 
This suggests that the evolution of the electronic state of Ca in the case of Ca 
+ CH3CI is slightly more adiabatic than in the case of Ca + CH3F. The reason 
for this small difference is not clear. 
For the Ni = 5 initial state, which corresponds to the most repulsive initial 
PES, the amount of non-adiabatic behavior is considerably larger [see Fig. 6, 
panel (b)] than for the N¡ = 1 initial state. The population of the lowest lying 
electronic states increases during the collision, whereas the population of the 
N — 3 and N = 5 states decreases. That is, electronic energy is released during 
the collision. 
Concluding, we can say that for Ca + CH3F and Ca + CH3CI the evolution 
of the Ca electronic state is largely adiabatic for the Ni = 1 initial state. For 
the higher initial states (Ni > 1) non-adiabatic effects become more important. 
D. The steric effect 
The experimental results for Ca + CH3CI -»• СаС1(Б2Е+) + CH3 show a 
negative steric effect, which is relatively independent of the translational energy. 
Using the uncorrected model this cannot be explained, because for this model 
the lowest steric effect is zero (model 180 calculation). With the correlated 
model it is possible to get a negative steric effect, as was shown in paper III. 
The SC-Σ results are shown in Fig. 7. A cut-off angle of about 150° would give 
the best agreement with experiment. This angle is larger than the cutoff angle 
ßc that we find for the Ca + CH3F reaction (ßc = 105°). This correlates well 
with the fact that chlorine is larger than fluorine (e.g., if one compares the van 
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FIG. β. Cumulative population of the eigenstates of the interaction matrix for Ca 
+ CH3CI in the DF frame for 6 = 6.0 bohr, AÍ¡=1, and E = 0.177 eV. Panel (a): Ca 
+ CH3CI for M = 1. Panel (b): Ca + CH3CI for JV< = 5. 
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FIG. 7. SC results for ai{E)/a0{E) for Ca + CH3CI -• CaCl(B2E+) + CH3 for 
different cut-off angles (with the correlation model). Also the experimental data and 
a fit to the experimental data are plotted. 
der Waals radii of both atoms). 
For Ca + СН3Вг ->· СаВг(А2П) + CH3 the results for the uncorrelated and 
the correlated model are in Table 6. For SC-Π we see that the steric effect 
drops by approximately 0.1 for a given cutoff angle with respect to the SC-Br 
calculations. In the uncorrelated model a cutoff angle of 155° reproduces the 
experiment and in the correlated model a cutoff angle of 140°. Beforehand, we 
expected to find a larger cutoff angle than the angle of 150°, found for Ca + 
CH3CI, because bromine is larger than chlorine. However, only two data points 
were measured for Ca + CH3Br, making it impossible to estimate the accuracy 
of the experimental points. This makes the cutoff angle for Ca + СНзВг less 
accurate than the cutoff angle for Ca + CH 3 F or Ca + CH3CI, which might 
explain the discrepancy. 
If we compare the curves for CH 3 F, CH3CI, and СНзВг for each of the three 
exit channels in Fig. 8, we see that, for a given exit channel and cutoff angle, 
they are remarkably similar. Apparently, the differences in the PESs cancel to 
a large extent in the calculation of the cross sections. If we compare the curves 
for the Σ exit channel to the curves for the Π exit channel for a given cutoff 
angle and reactive system, we see small differences between the curves. The 
curves for the Δ exit channel are entirely different. 
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FIG. 8. SC results for σι(Ε)/σ0(Ε) for Ca + CH3X (X=F, Cl, Br) -+ СаХ + CH 3 
for different cut-off angles (with the correlation model). Solid curves. Ca + СНзВг, 
dashed curves Ca + CH 3 F, and dotted curves Ca + CH3CI Panel (a). Β2Σ+ exit 
channel Panel (b): A2H exit channel Panel (c): Λ ' 2 Δ exit channel 
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TABLE 6. Steric effect for the Ca + CH3Br -• СаВг (Л2П) + СН3 reaction for dif­
ferent translational energies and different cut-off angles using the uncorrected model 






















In the discussion of the steric effect for the Ca + CH3F reaction in paper III, 
we used a qualitative reasoning based on the symmetry assignments of the PESs 
around cos /Зд = — 1 and cos/fo = 1 to understand sign and energy dependence 
of the steric effect. For Ca + CH3CI and Ca + СНзВг this "model" becomes 
more elaborate, because of the rapid changes in dominant symmetry around 
cos/Зд = 1. However, we feel that it can still explain the energy dependence of 
the steric effect and its magnitude as a function of cutoff angle. We first discuss 
the consequences of the model for the Σ exit channel, a cutoff angle ßc = 180°, 
and a low translational energy [see Fig. 8, panel (a)]. From this starting point 
the effects for other cutoff angles and energies and for the other exit channels 
can be inferred. With a cutoff angle of 180° one samples all values of /Зд. For 
the unfavorable reaction geometry (M¿ = — 1) the final orientational probability 
distribution shows a maximum around /Зд = π, where the lowest potential 
energy surface has a Σ character [see Fig. 1, panels (b) and (c)]. Therefore, 
the cross section for the reaction to the Β2Σ+ exit channel for this reaction 
geometry, σ^ ' '~ ', is large. For the favorable reaction geometry (M¿ = 1) the 
final orientational probability distribution shows a maximum around /Зд = π/3. 
This implies that the systems proceed mainly to the A'2 A exit channel, because 
the dominant symmetry character of the eigenstates associated with the lowest 
2 PESs (on which most of the reactive trajectories are) is Δ. Therefore, it 
seems plausible that the cross section for the reaction to the Β2Σ+ exit channel 
for the favorable reaction geometry, σ^' 1 , ', is smaller than σ ^ 1 , _ , which 
results in a negative steric effect for a model 180 calculation. Decreasing the 
cutoff angle excludes the region around /Зд = π and affects σ^'ι'~ι' more 
than σ^ ' . Therefore, for smaller cutoff angles the steric effect increases and 
becomes positive. Increasing the energy causes a drop in a¿. ' '~ ', because more 
trajectories end up on higher PESs (whose eigenstates have a different Σ, Π, Δ 
character). For the same reason σ^ ' ' ' increases slightly. This means that the 
steric effect increases with increasing energy. One can apply the same model for 
the A2U and A'2 A exit channels and explain the size and energy dependence of 
the steric effect for different cutoff angles and different translational energies, 
142 Chapter 5: Semiclassical calculations on C a ( x D ) -f- C H 3 X 
for each exit channel, which are plotted in Fig. 8, panels (b) and (c). 
Summarizing, it can be said that there are two reasons for the differences in 
the measured steric effect between the Ca + CH3F and Ca + CH3CI reactions. 
Firstly, there is the effect of the larger cutoff angle in case of Ca + CH3CI. 
Secondly, there is the effect from the fact that for Ca + CH3CI a different exit 
channel was measured. From the results in Fig. 8 it follows that the effect of the 
larger cutoff angle is much more important than the effect from the different 
exit channel. This might seem contradictory to the experimental results, where 
a positive steric effect was found for the A2Ti exit channel of Ca + CH 3 F and Ca 
+ СНзВг and a negative steric effect for the Β2Σ+ exit channel of Ca + CH3CI. 
However, we also predict a negative steric effect for the A2U exit channel of Ca 
+ CH3CI of approximately -0.05, relatively independent of the translational 
energy. This channel was not measured for this reaction, however. For Ca + 
СНзВг the experimental data are scarce. Although the measured steric effect 
is positive in this case, it is small and closer to the result for Ca + CH3CI than 
to the result for Ca + CH3F. This supports our conclusion. Long range effects 
are important to obtain the correct energy dependence of the steric effect, as 
found for the Ca + CH3F system. However, the differences in the steric effect 
for the three systems are dominated by the effect of different cutoff angles, 
rather than by differences in the long range potentials. 
Б. The total cross section and branching ratios 
For Ca + CH3CI neither the SC nor the SC-Σ results reproduce the exper­
imental energy dependence of the total reactive cross section for unoriented 
molecules very well. This is not entirely unexpected, since for Ca + CH 3 F 
—¥ CaF (A2U) + CH3 the experimental OQ{E) was not reproduced either. In 
paper III we gave two possible reasons for this failure to reproduce the experi­
mental results. Either important elements are missing from the potential, such 
as induction or dispersion, or the description of the harpooning mechanism is 
not accurate enough. 
The SC-Br results and the SC-Br-Π results for σ0(Ε) are all, within a few 
percent, energy independent. The total cross section for unoriented molecules 
was not measured for this system. However, we think that, in view of the 
results for Ca + CH 3 F and Ca + CH3CI, the results for Ca + CH3Br will not 
reproduce the experiment either. However, if we assume that comparable errors 
are made for all σο(Ε), the branching ratios for the different exit channels will 
still be meaningful. 
The branching ratio σο,Σ(Ε)/σο,π{Ε) between the Β2Σ+ and A2U exit chan­
nels for the three Ca + CH3X reactions are given in Table 7 together with the 
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TABLE 7. Branching ratio [σοχ(Ε)/σ0,τι(Ε)] between the Β2Σ+ and the A2U exit 
channels and branching ratio [σο,&(Ε)/σο,π(Ε)] between the A'2 A and the Λ2Π exit 
channels for the Ca + CH3F, Ca + CH3CI, and Ca + СНзВг reactions. Also the 
experimental values for [σο,Σ(Ε)/σο,π(Ε)] are given. 
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Ε = 0.182 eV for Ca + CH3F. E = 0.177 eV for Ca + CH3CI. 
Ъ
Е = 0.358 eV for Ca + CH3F. E = 0.352 eV for Ca + CH3CI and Ca + CH3Br. 
cSee Ref. [14]. 
dSee Ref. [52]. 
"Not calculated. 
fSee Ref. [53]. 
experimental values. The experimental values were obtained from experiments 
with a CH3X gas cell instead of a beam. We have given the calculated branch­
ing ratios at low energy (E = 0.182 eV for Ca + CH 3F, E = 0.177 eV for Ca 
+ CH3CI) and at high energy (E = 0.358 eV for Ca + CH 3 F, E = 0.352 eV 
for Ca + CH3CI and Ca + СНзВг). For the calculated branching ratios we 
have taken the cutoff angle which gave the best results in the calculation of 
the steric effect, i.e., 105° for Ca + CH 3 F, 150° for Ca + CH3CI, and 140° for 
Ca + СНзВг. The branching ratios turn out to be relatively independent of 
the translational energy. They show a decreasing trend in going from CH3F to 
CH3Br. However, the correspondence between theory and experiment is only 
qualitative. 
The branching ratio σο,Α(Ε)/σ0ίη(Ε) between the A'2A and A2Tl exit chan­
nels for the three Ca + CH3X reactions are given in Table 7 for the same 
energies as the σο,Σ(Ε)/σο,π{Ε) branching ratios. No experimental values are 
known for these branching ratios. The σ0,Α(Ε)/σ0,π{Ε) branching ratios are 
more energy dependent than the σο,£(-Ε)/σο,π(-Ε) branching ratios for the Ca 
+ CH3F reaction. They decrease when going from CH 3 F to CH3CI, but do 
not change when going from CH3C1 to CH3Br. However, we think that we can 
conclude from the σο,Σ{Ε)/σο,π{Ε) and the σο,Δ(Ε)/σο,π{Ε) branching ratios 
that the A2H exit channel becomes more important for heavier methylhalides. 
F. The alignment effect 
The alignment effect was not measured experimentally for the Ca + CH3Br 
reaction. For the Ca + CH3C1 reaction it was found to scatter around zero 
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[21]. The calculations show that it is in the order of —0.1 in the case of Ca + 
CH3CI, relatively independent of translational energy or exit channel. For the 
Ca + СНзВг reaction, the alignment effect is found to be approximately zero, 
again independently of the translational energy and the exit channel. These 
findings are consistent with the findings for Ca + CH3F, where a similar result 
was obtained, both by calculations and by the experiment. 
V. CONCLUSIONS 
We have performed semiclassical calculations on the Са(х£>) + СНзХ (X=F, 
Cl, Br) reactive systems. The potential for these systems consists of five asymp­
totically degenerate PESs. The relative motion of Ca with respect to CH3X 
was treated classically, the rotation of the CH3X molecule and the electronic 
state of Ca and CH3X were treated quantum mechanically. Two models were 
used to describe the reaction probability. The first model, a modified version of 
the ADLC model, was used to describe the reactive part of the CH3X molecule, 
i.e., it was used to determine whether a trajectory was reactive or non-reactive. 
The second model, to which we refer as the correlated model, was used to de­
scribe the reactivity for different exit channels of the reaction. In this model it 
is assumed that the projection of the electronic angular momentum on the in­
termolecular axis is conserved during the reaction. This projection becomes the 
projection of the electronic angular momentum of the product on its symmetry 
axis. 
For the Ca + CH3F and Ca -I- CH3CI reactions we examined some trajectories 
in more detail for the occurrence of trapping and reorientation of the incoming 
molecule. Both reactions show comparable amounts of trapping. With respect 
to reorientation, these reactions turn out to behave differently. Calculations on 
Ca + CH3F show a localization of the probability distribution of the C-F axis 
towards the incoming atom, although somewhat lagging behind. Calculations 
on Ca + CH3CI show a localization of the C-Cl axis in the azimuthal angle 
a, but a spread in the polar angle β. The cause for this difference lies in the 
differences in the PESs as a function of β and α for these systems. 
The evolution of the electronic state of Ca( 1D) in the Ca + CH3F and Ca + 
CH3CI reactions can be viewed as nearly adiabatic for the most attractive PES. 
For less attractive and repulsive PESs non-adiabatic effects start to play a larger 
role. We also conclude that "orbital following" in terms of "pure" substates 
of the iD state occurs to some extent, but cannot completely describe the 
evolution of the Ca electronic state. The original substates μ = - 2 , . . . , 2 of 
the lD state with respect to the laboratory (SF) axes are completely scrambled 
during the collision. 
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With the models for the reaction probability, described in the first paragraph, 
it is possible to reproduce the experimentally measured steric effect for the 
reactions Ca + CH 3 F -• CaF{A2U) + CH3 (see also Ref. [24]), Ca + CH3CI -> 
CaCl ( Β 2 Σ + ) + СНз, and Ca + СН3Вг -+ СаВг (Л2П) + СН 3. То reproduce 
the experiment for these three reactions a "cone of acceptance" with cutoff 
angles of 105°, 150°, and 140° was used, respectively. The increase in the cutoff 
angle, when going from CH 3F to CH3C1 and CH3Br is consistent with the fact 
that CI and Br are larger than F. The difference in cutoff angle between Ca 
+ CH3Cl and Ca + CH3Br may reflect subtle differences in the (short-range) 
reaction dynamics, which are not included in our (crude) reaction model. The 
negative steric effect for the Ca + CH3C1 reaction, which seemed so surprising 
at first, is an effect of the large cutoff angle for CH3C1 rather than an effect of 
the Β2Σ+ exit channel, which was measured for Ca + CH3C1. Reexamination 
of the experimental results shows that this conclusion is not contradicted by 
the measurements. The long range potentials used are necessary to obtain 
the correct energy dependence for the steric effect, as measured for the Ca 
+ CH3F system. However, for the observed differences in the steric effect 
differences in the cutoff angles are more important than differences in the long 
range potentials. 
The energy dependence of the experimental cross sections for unoriented 
molecules, σο(Ε), cannot be reproduced by our calculations. In general, this 
energy dependence is too weak compared to experiment for all three reactions 
studied. The branching ratios σο,Σ(Ε)/'σο,π(Ε) for the three reactions show 
the same qualitative behavior as the experimentally measured branching ra­
tios, when going from CH 3F to CH3Br. However, there is no quantitative 
agreement between theory and experiment for this property. There might be 
two possibilities to get more accurate results for σο(Ε). Firstly, the modeling 
of the reaction probability can be improved by using e.g., Landau-Zener type 
transition probabilities to model the harpooning event. Secondly, it is possible 
to include other Ca or CH3X electronic states in the calculation, in order to 
introduce polarization effects and dispersion forces. Also the inclusion of Ca + 
and CH 3 X
_
 electronic states might improve the calculation. 
In general, we conclude that we have shown that the correlated model is 
able to reproduce the experimentally measured steric effect for the reactions 
studied in this article. Furthermore, we have shown that it is possible to 
make qualitative ideas about these reactive systems more quantitative with 
the models used in our calculations. 
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Samenvatting 
Het resultaat van chemische reacties wordt bepaald door talloze parameters 
en fysische grootheden. Sinds lang bestaat het vermoeden bestaat dat ook de 
oriëntatie van de reactanten voor en tijdens de reactie één van deze parame-
ters is. Echter tot de opkomst van methodes die de oriëntatie tot op zekere 
hoogte kunnen beheersen was een systematisch onderzoek naar dit vermoeden 
niet mogelijk. De eerste experimenten in dit veld werden gedaan door Kramer 
en Bernstein in 1965 [1]. In 1989 deden Janssen, Parker en Stolte een reeks 
experimenten aan de reacties Са(Ч>) + CH3X —>· CaX(B 2E+, A2U, А'2А) 
+ СНз [2,3], waarbij X gelijk is aan F, Cl of Br. Zij gebruikten de zogenaamde 
hexapooltechniek om het sterisch effect te onderzoeken. Het sterisch effect is 
gedefinieerd als (σ/ — σ„)/σ0. Hierin is c¡ de reactieve botsingsdoorsnede voor 
de reactie in de "gunstige" reactie-geometrie (dat wil zeggen, het CH3X nadert 
het Ca met het X atoom voorop). En σ„ is de reactieve botsingsdoorsnede voor 
de reactie in de "ongunstige" reactie-geometrie (dat wil zeggen, het CH3X na­
dert het Ca met de CH3 groep voorop). De grootheid σο tenslotte is de reactieve 
botsingsdoorsnede voor een reactie van Ca met ongeoriënteerd CH3X. Voor de 
reactie van Ca met georiënteerd CH3F werd een positief sterisch effect gevonden 
dat verder toeneemt met toenemende translatie-energie, hetgeen niet verklaard 
kon worden met de standaardmodellen uit de literatuur. Voor de Ca + CH3CI 
reactie werd een negatief sterisch effect gevonden, hetgeen ook niet met de 
standaardmodellen verklaard kon worden. In dit proefschrift worden nieuwe 
modellen geïntroduceerd, die gebruikt worden om deze experimentele gegevens 
te verklaren. Tevens zijn er berekeningen uitgevoerd, die deze modellen verder 
kwantificeren en die hun geldigheid testen. 
Hoofdstuk 1 van dit proefschrift is gewijd aan het experiment in een poging 
het experiment uit te leggen vanuit een theoretisch standpunt. Voor details met 
betrekking tot de berekeningen wordt de lezer verwezen naar de theoriepara-
grafen van Hoofdstuk 2 tot en met 5. Hoofdstuk 2 tot en met 5 zijn artikelen, 
die gepubliceerd zijn in of aangeboden zijn aan wetenschappelijke tijdschrif-
ten. Alleen de notatie is op sommige punten aangepast om tot een consistenter 
geheel te komen. 
Een positief sterisch effect dat afneemt met toenemende translatie-energie, 
zoals bijvoorbeeld werd gemeten voor de Ba + N2O reactie, kan verklaard wor-
den met het standaard "Angle Dependent Line of Centers" (ADLC) model. In 
Hoofdstuk 2 wordt een model gepresenteerd, dat uitgaat van klassieke baan-
berekeningen en dat een toenemend sterisch effect met toenemende translatie-
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energie, zoals dat gemeten werd voor Ca + CH3F, kan verklaren. Dit zo-
genaamde "trapping" model gebruikt een attractieve lange-drachtspotentiaal. 
Tevens wordt in Hoofdstuk 2 een nieuwe methode gepresenteerd om bere-
keningen te doen aan reacties met georiënteerde moleculen, gebruik makend 
van de klassieke mechanica (de "modified quasiclassical trajectory" (MQCT) 
methode). Dit is niet eenvoudig, omdat het molecule in een gequantiseerde 
rotatie-toestand geprepareerd wordt, hetgeen moeilijk in klassieke berekenin-
gen te representeren is. 
In Hoofdstuk 3 wordt de MQCT methode gebruikt in berekeningen aan 
de reactie tussen Ca en georiënteerd CH3F. Ook werden standaard quasi-
klassieke baanberekeningen voor dit systeem gedaan, teneinde de geldigheid 
van de MQCT methode te onderzoeken. Met een aantal verschillende po-
tentialen werd getracht de experimentele resultaten te reproduceren. Deze 
potentialen variëren van een simpele modelpotentiaal tot een 06 initio lange-
drachtspotentiaal, waarin alle vijf asymptotisch ontaarde adiabatische poten-
tiaaloppervlakken voorkomen. De berekeningen voor deze laatste potentiaal 
worden ook gepresenteerd in Hoofdstuk 3. 
In Hoofdstuk 4 wordt de Ca + CH3F reactie opnieuw onderzocht. Nu wordt 
een semiklassieke methode gebruikt, waarin de elektronische toestand van het 
Ca atoom en de rotationele toestand van het CH3F molecule quantummecha-
nisch beschreven worden. Bij deze methode wordt alleen voor de relatieve 
beweging van de botsende deeltjes de klassieke mechanica gebruikt. Tevens 
wordt in Hoofdstuk 4 het correlatiemodel geïntroduceerd. In dit correlatie-
model wordt de projectie van het electronische impulsmoment van de Ca(xD) 
toestand op de intermoleculaire as na de reactie de projectie van het electro-
nisch impulsmoment op de CaF as. Dit model maakt het mogelijk om alle 
uitgangskanalen afzonderlijk te behandelen. In dit hoofdstuk worden de be-
rekeningen voor het A2li uitgangskanaal vergeleken met het experiment en 
worden voorspellingen gedaan voor de Β2Σ+ en A'2A uitgangskanalen. Het 
correlatiemodel in combinatie met de semiklassieke aanpak maakt het mogelijk 
de experimentele bevindingen voor de Ca + CH3F reactie te reproduceren. 
In Hoofdstuk 5 worden de semiklassieke methode en het correlatiemodel toe­
gepast op de reactie tussen Ca( 1D) en CH3CI en op de reactie tussen Ca(x.D) en 
СН3ВГ. De resultaten worden weer vergeleken met de experimentele resultaten 
en met de berekeningen voor Ca( xD) + CH 3 F. Het blijkt mogelijk te zijn om 
het waargenomen negatieve sterisch effect te reproduceren. Tevens blijken de 
verschillen tussen de verschillende Ca + CH3X (X=F, Cl, Br) reacties kleiner 
te zijn dan werd verwacht. 
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